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Summary

The purpose of this document is to provide theeeacdhigh level insight in how the TTCS is to
be operated. In chapter 2 the layout and the fonictg of the TTCS is described.

Attention is paid to explain the TTCS redundancynagpt and the various redundant
configurations that can be selected to constitutgla functional cooling loop in the presence
of equipment failures.

In chapter 3 the TTCS commanding, monitoring adrabiconcept is described.
The sub-sections of section 3.2 describe the loxellenonitoring and control of the TTCS
firmware located in the TTCE. This includes contoaps and healthguards.

The high level commanding and monitoring concephefTTCS is described in section 3.3 and
subsections. Described are:
» Explanation of the high level commanding operatigmacedures
0 Schedulable procedures
0 Non-schedulable procedures requiring ground mangor
« Explanation of the high level TTCS loop commandwgite data types)
¢ High level TTCS monitoring and downlink budget

Two systems for TTCS commanding and monitoringfareseen. For on-ground TTCS testing
operations at CERN, ESTEC, and KSC a TTCS Grourgp&t Equipment is used. This is
described in section 4.

The in-flight operations are done via a TTCS Grougerations and Monitoring System.
described in section 5 (to be written). An explarabf the IMDC command list is given in
chapter 6.

As the telemetry downlink has limited bandwidth,istdesirable to have the possibility for
"autonomous on-board" of the non-schedulable TT@8-8ap related procedures, under control
of on-board software implemented in the JMDC. Cha@ therefore presents some TTCS
operational rules and procedures and identified -subredulable operational procedures
associated with the start-up of the TTCS. The defiprocedures can be implemented (at least
partially) in software and executed "semi-autonostypon board" by the JIMDC.

The current baseline for routine TTCS in-flight oggeons is to use the IMDC command list in
view of the limited required bandwith of only 18&sisecond.

No part of this document may be reproduced and/or disclosed, in any form or by any means, without the prior written permission of NLR.
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Chapter 7 decribes high level health-guards tarigemented in the JIMDC. The purpose of the
health-guards is to raise alarms and -if possitoidake action to protect the Tracker or TTCS
for malfunctioning. Three healthguards are foreseen

» Tracker electronics high and low temperature hgatind
« Radiators freezing healthguard requiring actiod®® V PDS controlled heaters
« JMDC-TTCS communication outage healthguard

Note.

This document is not applicable for safety. TTC$eerently safe in all space environmental
conditions while assuming the TTCE electronicsiithe most unfavourable possible state.
The health-guards described are only for subsystkeralth and warn the operator of
unfavourable situations for TTCS or Tracker.

Note.

Information on Write and Read Data Types and TTidfware was taken from Ref. 20, a copy
of which has been added in the appendix at theotids document.

No part of this document may be reproduced and/or disclosed, in any form or by any means, without the prior written permission of NLR.
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1 Introduction

1.1 Purpose and scope of this document

The purpose of this document is to provide theeeacdhigh level insight in how the TTCS is to
be operated.

In chapter 2 the layout and the functioning of THECS is described.

Attention is paid to explain the TTCS redundancynaapt and the various redundant
configurations that can be selected to constitutdlya functional cooling loop in the presence
of equipment failures.

The TTCS can be started up and operated in diffe@nfigurations, thanks to its redundancy.

- TTCE-A powered on, controlling Primary Loop usiraj ‘tomponents

- TTCE-A powered on, controlling Secondary Loop usiagcomponents

- TTCE-B powered on, controlling Primary Loop usify components

- TTCE-B powered on, controlling Secondary Loop usimgcomponents

So, first it must be selected which TTCE (A or B)@vered-on, next it is selected which Loop
(Primary or Secondary) is to be started-up.

In chapter 3 the TTCS commanding, monitoring adrabiconcept is described.

The sub-sections of section 3.2 describe the le@l lmonitoring and control of the TTCS.

At low level the TTCS is automatically controllegt EFPGA) firmware located in the TTCE.
The firmware provides low-level control functiong. on-off control of heaters and PI control
of the accumulator temperature. Furthermore, timeviare provides low level monitoring of the
TTCS in the form of so-called health-guards, whicbnitor the TTCS functioning and raise
alarms in case the TTCS does not operate correctly.

The sub-sections of section 3.3 describe the l@gll lcommanding and monitoring concept of
the TTCS.

The high level TTCS (in-flight) operations are dowi@ a TTCS Ground Operations and
Monitoring System. For on-ground TTCS testing ofiers at CERN, ESTEC, and KSC a
TTCS Ground Support Equipment is used.

At high level the TTCS is operated by a TTCS ommrély sending commands (called Write
Data Types) to the TTCE. These commands concerrexample setpoint changes for the
accumulator temperatures control loop, settingootml| parameter values, etc..

To this end the appropriate Write Data Type mustd&figured with the correct bits settings
for the intended operations.

| No part of this document may be reproduced and/or disclosed, in any form or by any means, without the prior written permission of NLR.
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The required different bits settings for the Wiidata Types, required to perform operations
such as enabling 28Vsupply power, enabling/disgbtiontrol loops, setting accu setpoint

value, setting loop control parameter valuesg,, etre not presented as a description at this
level is not available to NLR.

It is noted that closed loop operation of each mdibop can be disabled/enabled and heaters
may be operated ON/OFF "manually" via sending of #ppropriate Write Data Type
containing the correct bits settings for the inethdperation.

In-flight the commands are sent to the IMDC, wthitgther forwards them to the TTCE.
For on-ground testing operations the TTCS Groungp8u Equipment may send the
commands directly to the TTCE, circumventing theDiB/

At high level the TTCS is monitored via telemetnhieh is to be acquired by sending
commands called Read Data Types to the TTCE. TheElMesponds to a single Read Data
Type by returning a data set, associated withRieatd Data Type.

A continuous stream of telemetry data can be obthby loading a table of Read Data Types in
a Data Polling Table in the JIMDC. The JMDC cycligaxecutes the Data Polling Table and
sends the Read Data Types to the TTCE, which taitsresponds with the requested data sets.
The JMDC receives the return data from the TTCE pnodesses the data for further relay to
the TTCS Ground Operations and Monitoring System.

The Write Data Types x07, x08, x09, and x0A which ianportant for high level commanding
of the TTCS are briefly described.

Some extra attention is paid to a table listing plogver-on default values of the TTCS loop
control parameters. and the Read- and Write Dafse Wwhich are associated with the setting
and reading of the TTCS loop control parametergesl

It is noted that the power-on default values ofabeumulator control loop parameters K1, K2,
K3, range, and iband are not suited for operatiasal

In section 3.3.2.5 a table with accumulator cortvop parameters and their values to be used is
presented.

These values have to be up-loaded into the TTCGiagsof the TTCS loop start-up procedure,
as the power-on default values are not suited.

Furthermore it is noted that also the power-on ulefetpoints of the pre-heaters are not suited
for operational use. The correct values must beag#d into the TTCE, as part of the TTCS
loop start-up procedure.

No part of this document may be reproduced and/or disclosed, in any form or by any means, without the prior written permission of NLR.
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In section 3.3.3.2 the Read Data Types which aecéted with the most important data sets to
be retrieved from the TTCS for routine monitoringe ariefly presented and a required
downlink budget is calculated.

As has been said above, the TTCS in-flight openatiare done using a TTCS Ground
Operations and Monitoring System, whereas for anugd TTCS testing operations at CERN,
ESTEC, and KSC a TTCS Ground Support Equipment §GSE) is used.

Chapter 4 briefly presents the user interfacel®flilTCS GSE.

Chapter 5 (to be written) describes the TTCS Grddpdrations and Monitoring system.

The JMDC plays a central role in the in-flight mmning and operation of the TTCS.

Firstly, a number of health-guards are to be imgletad in the IMDC software. The purpose of
the health-guards is to raise alarms and -if ptessiio take action to protect the Tracker for
malfunctioning of the TTCS or in case of commurimaioss between TTCE and JMDC.

The high level health-guards to be implementeth&nMDC are described in chapter 7.

Secondly, the IMDC plays a role in the in-fligheagtion of the TTCS.

In order to prevent errors in the in-flight opeoatiof the TTCS, the operations are organized via
operational procedures which are written and \edifnh advance.

If the TTCS is routinely operational, the normaleggtions will be mainly limited to the
occasional sending of commands to the TTCE to adagtaccumulator setpoint to the
anticipated orbital environment. Three main orb&avironments are distinguished: cold orbit,
normal orbit, and hot orbit. Each orbit type hasiteferred accumulator setpoint.

The orbit types can be foreseen in advance andehtm associated operational commands
(Write Data Types) can up-loaded in advance insthiealled command list in the JMDC. The
commands in the command list are executed by tHeGNsend to the TTCE) at the time of
their time tag (time tagged execution).

This type of operational procedure, where the Wbitgda Type(s) can be loaded in advance in
the command table in the JIMDC for immediate or ttaggged execution, is called a schedulable
procedure.

The current baseline for routine TTCS in-flight ctéons is to use the IMDC command list.

While the TTCS is routinely operational, it is mtumed via the execution of a Data Polling
table associated with routine operation. The cgtkxecution of the routine TTCS Data Polling
Table causes a low data rate TTCS telemetry strfesnmonitoring. The foreseen routine
monitoring data sets and polling rate are specifieskction 3.3.3.2.

| No part of this document may be reproduced and/or disclosed, in any form or by any means, without the prior written permission of NLR.
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The procedures foreseen for start-up of the TTGS rext well schedulable via the JMDC
command list.

A TTCE (-A or -B) can -under all circumstances- p@wvered-on, without endangering the
TTCS.

After powering-on of a TTCE, a TTCS loop configumat (Primary A or B or Secondary A or
B) can be started-up further via sending Write Datige requests to the TTCS.

Start-up of the TTCS does require continuous manigoof TTCS on-board statuses (mainly
temperatures) by the TTCS operator and verificatibimtermediate decision criteria, as it has
to be checked that certain measured TTCS tempemtand statuses satisfy well defined
criteria, before the next commands may be sent.

The required monitoring data during the processpuil some additional burden on the required
downlink budget. As the telemetry downlink has taxdi bandwidth, it is desirable to have the
possibility for "autonomous on-board" of the nomadulable TTCS start-up related procedures,
under control of on-board software implementechiem IMDC. This would alleviate the TTCS
down-link data rate.

Chapter 8 presents some TTCS operational rulep@amgdures

Section 8.2 present some TTCS operations know-hwoav agperational rules which must be
taken into account.

Sections 8.3.1 to 8.4 present the currently idiedatihon-schedulable operational procedures
associated with the start-up of the TTCS.

The defined procedures may be executed "manuattyh fthe ground, but could also be
implemented (at least partially) in software andaied "semi-autonomously on board" by the
JMDC.

The term semi-autonomously is used as it is ardieigh that the JIMDC can not perform all
operations required for start-up.

One operation that has to be performed in the seguef commands for TTCS start-up and that
probably can not be performed autonomously by MBQ@ is the powering-on of the radiator
health heaters by the PDS. It is currently unknoWvrthis operation can be performed
autonomously by the JMDC.

Another operation that has to be performed in #wuence of commands for TTCS start-up is
the switching-on of the Tracker. It is anticipathét this can not be done by the JIMDC.

So the "semi-autonomous start-up of the TTCS by IMDC is to be interrupted with
commands from ground to power-on the radiator heladtaters and to switch-on the Tracker.
This does require some data exchange of the IMDICthé ground about the execution status
of the start-up procedure.

| No part of this document may be reproduced and/or disclosed, in any form or by any means, without the prior written permission of NLR. |
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The term "manual" implies in this context commaigdof the TTCS via commands directly
issued from the ground, and monitoring statusesteamgeratures on the ground, such that the
(start-up) procedure can be followed.

The term "on-board" implies implementation in safter in the JMDC. In this situation the
JMDC plays the role of the TTCS operator on theugdy taking decisions whether to continue
or to abort the start-up procedure based on manmitof TCS telemetry acquired by the
execution of a TTCS Data Polling Table associatgld WI'CS start-up.

It is emphasized, that the TTCS operator still tfas option to execute the procedures
associated with TTCS start-up "manually" at theugdh or to command the activation of the
"autonomous start-up" in the JIMDC.

Chapter 8 presents some TTCS operational rules, t@dcurrently identified procedures
associated with start-up.

Section 8.2 present some TTCS operations know-hwhogerational rules and which must be
taken into account.

Sections 8.3.1 to 8.4 present the currently idiedtihon-schedulable operational procedures
associated with the start-up of the TTCS, whichaanenable for implementation in the JMDC.

Information on Write and Read Data Types and TTidfware was taken from Ref. 20, a copy
of which has been added in the appendix at theotids document.

Note.

This document is not applicable for safety.

TTCS is inherently safe in all space environmem@hditions while assuming the TTCE
electronics is in the most unfavourable possildéest

The health-guards described are only for subsyskemalth and warn the operator of
unfavourable situations for TTCS or Tracker.
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2 TTCS Description

2.1 TTCS Primary and Secondary cooling loop layout

The system lay-out for the Primary Loop is shownFigure 2-1. The loop lay-out for the
Secondary Loop is shown in Figure 2-2. The taskhaf TTCS loop is to transport heat
dissipated by the Tracker electronics to the Trackdiators, which radiate the transported heat
to cold deep space.

For reliability reasons, two redundant loops arplemented. The Secondary Loop is identical
to the Primary Loop, except that the tube lengtthtoinlet of the evaporator is slightly larger
for the Secondary Loop. By following the loop rawgfi starting from the pre-heaters, in Figure
2-1 and Figure 2-2 the loop operation is explaim&dthe pre-heaters the G@vorking fluid
temperature is lifted to the saturation temperatline working fluid enters the evaporator with
a vapour quality slightly above zero, ensuring &asm evaporation temperature along the
complete evaporator. Due to the widely dispersextRar front end electronics the evaporator
consists of two parallel branches collecting thatleg the bottom and top side of the Tracker
electronics planes. At an overall €@ass flow of 2 g/s the mean vapour quality atainget of
the evaporators is approximately 30%.

At the connection point of the outlets of the twagorator branches, the two-phase flow of
both branches is mixed and led through the heatamger where heat is exchanged with the
incoming sub-cooled liquid. Behind the heat excleairte two-phase line (red) is split. One
branch leads to the condensers mounted to thetwa@diithe RAM (bow) side and the other is
lead to the condensers mounted to the radiattreeMMAKE (stern) side of the AMS spacecratt.
At the radiators the heat is rejected to space.

After the mixing point in the return of the two fatbr branches, the sub-cooled fluid passes the
accumulator connection. By controlling the accurtarldemperature the evaporator set-point
temperature is controlled. The accumulator tempegat controlled by using Peltier elements
(TECs) for cooling and heaters for heating. Thepevation temperature setpoint can be varied,
in order to be able to avoid extreme sub-coolinghef liquid entering the pump, and to avoid
operation at liquid temperature close to saturatibtine inlet of the pump. A certain amount of
sub-cooling (currently chosen default 5°C) is regglito avoid cavitation at the pump. After the
pump the sub-cooled fluid is warmed up in the reeahanger before it enters again the pre-
heater section.

No part of this document may be reproduced and/or disclosed, in any form or by any means, without the prior written permission of NLR.
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Figure 2-1: Schematic of the Tracker Thermal Contrd System Primary Loop
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Figure 2-2: Schematic of the Secondary Loop

| No part of this document may be reproduced and/or disclosed, in any form or by any means, without the prior written permission of NLR.

AMSTR-TN-062-TTCS-Iss01-Commanding_Monitoring_and_Control.doc - Saved: 2009.12.09 06:24, Printed: 2009.12.09 18:24



@

AMS Tracker Page 19 of 97

URIVERSITE DE GENEVE Thermal Control Doc.d AMSTR-NLR-TN-062
=
NJ_'J.|'E3F) Subsystem Issue Issue 1.0
/\
TTCS Commanding, Monitoring and Date November 2009

2.2 TTCS loops redundancy concept

The AMS overall philosophy ishe avoidance of any single-point of failure The TTCS
subsystem is therefore completely redunddmio complete independent loops are fully
equipped to fulfil the thermal control task for the Tracker electronics. In principle one
subsystem is hot and the other is in cold standbythe subsystem will not be operating at the
same time)

The philosophy is further that alsw single-point of failure is present in one of thdwo
systems All critical mechanical components in the sepalabps are therefore also redundant.
A list of redundant components is given in Table. 2-

Component Redundancy per loop (# per loop)

Pump 2

Accumulator 1

Accumulator Peltier elements (TECs) 2

Accumulator heaters

Heat Exchanger

Evaporator

2
1
1
Condensers 1

IAbsolute Pressure Sensors 2
Differential Pressure Sensor 2
Pre-heaters 2
Start-up heaters 2
Dallas Temperature Sensors 2

Pt1000 Temperature Sensors 3 or 2**

Cold orbit heaters 2

Liquid line health heaters 2

Tracker radiator heaters*** 2 (connected to PDSidesand to PDS
B-side)

TTCE including: 2
TTEP 2
TTEC 2
TTPP (A/B) 2 (but one mechanical connector)

A and B both on one board No contro-Pt1000’s are connected to t
board.

TTBP (A/B) 2
A and B both on one board
Redundancy interfacing systems
CAN-bus

Ao

JMDC

Table 2-1 Component redundancy

** The Pt1000’s used for control are triple redumdahe monitoring Pt1000’s are redundant.
***The radiators survival heaters are not part dig¢ TTCS-system but are incorporated for
completeness.
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2.3 TTCS Electronics redundancy concept

The TTCE electronics are also completely redundaat divided in an A and B electronics
block. A block diagram is shown in Figure 2-3.

N
- TTCE M D N
Tracker h \ A | s
Primary Loop (Normal) -
AandB >
equipment
TT-Crate
TTPD
CAN A
c 4 JMDCs
AN B (J-Crate)
TTCS
Secondary Loo N TTCE
AandB B
equipment (Redundant)
NN

Figure 2-3: TTCS Block Diagram

So, all electrical components are redundant in @lsttve Primary as the Secondary Loop. One
set of equipment (designated the "A" equipment &dop is attached to Electronics A and the
redundant set of equipment (designated the B coemishof the same loop is connected to
Electronics B. This is more clearly illustratedrigure 2-4 below

TTCE-A TTCE-B
. I’'Fs . I/'Fs
I/Fs primary secondary I/Fs primary secondary
loop loop
loon loap
A-equipment| |B-equipment A-equipment| [(B-equipment

Primary loop Secondary loop
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Figure 2-4 Operation of Primary or Secondary Loop @ing A or B equipment.

2.4 TTCE Electrical Interfaces with cooling loop equiprent

The electrical interfaces of the TTCEs (A and B)hwtheir associated Primary and Secondary
Loop A and B equipment shown above are furtheril@etat board level ifError! Reference
source not found.

All details on the electrical interfaces are sunigst in the AMS02 TTCE Interface Control
Document, Ref. 21.
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Figure 2-5TTCE electrical interfaces with cooling bop equipment
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*) Not connected heaters are accu emergency (FAR)gaound accumulator test emergency
(GAE) heaters, which have been combined with th€ Féspectively GAC control heaters.

**) Valves were deleted from the design after sssfael breadboard tests, showing robust
condenser operation.

2.5 TTCS Operational Configurations

2.5.1 Normal operational TTCS configurations

From the description of the redundancy concepteittien 2.2 above it follows that there are
different redundant configurations in which a coglloop can be operated

1. TTCE-A powered on, controlling Primary Loop usirdequipment

2. TTCE-A powered on, controlling Secondary Loop usiAg equipment

3. TTCE-B powered on, controlling Primary Loop usiigj''equipment

4. TTCE-B powered on, controlling Secondary Loop usidyequipment

This is illustrated in Figure 2-3 and Figure 2-dab.

2.5.2 Special operational TTCS configurations

To allow for the maximum use of redundancy of alical components it has been decided that
it should be possible to operate A and B electsimultaneously, leading to the following
special configurations.

1. Special configuration: Simultaneous Primary andoBdary Loop operation with TTCE-A
or TTCE-B

This special case is required to check on a redpalsis the health of the pump of the Secondary

Loop.

In this special case the Primary Loop is fully gtiemal and the Tracker is ON.

It is noted that in order to prevent boiling in teecondary loop for this special case it is

required to enable the accumulator control of teeoBdary Loop and to run it at a higher

setpoint than the Primary Loop.

The ON/OFF control loops should not be enabletli;mgpecial case.

2. Special configuration: Primary Loop operation willTCE-A and TTCE-B operating
simultaneously.

3. Special configuration: Secondary Loop operationhwitf CE-A and TTCE-B operating
simultaneously.

These latter two special cases shall be possibbeder to be able to use the redundancy of the

TTCS to the full.
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Firstly, in this special case it is possible to e a cooling loop with one TTCE while
redundantly monitoring the loop with the other TT.G®r example the Primary Loop could be
operated with TTCE-A, while the TTTCE-B could bedwadantly monitoring the Primary
Loop. This would provide for cross-checking of -Ada—B equipment, (except the pumps).
Furthermore, the health of the redundant pump cbeldhecked, by starting up the redundant
(parallel) pump.

The same example holds for the Secondary Loop.

Secondly, in this configuration it is possible geuhe TEC-A and TEC-B simultaneously.

The purpose of the TECs is to provide cooling ® dlccumulator, by dumping heat from the
accumulator (the "cold side" of the TECs) into slmd-cooled part of the loop (the "hot side" of
the TECs). The current cooling performance of te€3 is severly hampered, due to the chosen
mounting configuration, where the TEC-A and TEC-& anechanically connected to and
mounted parallel to each other. This leads to atgkuit heat conduction path from the hot
side to the cold side of the TEC: if TEC-A is aated, heat withdrawn from the accumulator
leaks back to the accumulator from the hot sidé ofia the TEC-B. Likewise, if TEC-B is
operated heat leaks back via TEC-A.

Simultaneous activation of TEC-A and TEC-B alleggthis problem.

This has been shown to work under "manual™ ON/Oéitrol of the TEC.

However, it is questionable whether this can beedaorder closed loop control.

Thirdly, as it is possible to enable/disable therioes control loops individually and
enable/disable alarms actions individually, in tiyeib is possible to have some control loops
being executed by TTCE-A while others are execbied TCE-B. One important health-guard
to be dealt with in this situation is the Low PuBypeed health-guard.

It is to be born in mind that in the TTCE which da®t control the active pump the Low Pump
Speed alarm will be active, disabling the 28V poweheaters and TEC, so the LPS alarm
action is to be disabled in the pertinent TTCE.

It is emphasized, that this type of mixed operatising TTCE A and TTCE-B has not been
exercised yet and should only be tried-out und@tgjround command and monitoring, only in
case there is no other alternative.
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3 TTCS Command, Monitoring and Control concept

3.1 Introduction into TTCS command, monitoring and control functions

In this section the commanding, monitoring and s@rdoncept of the AMS02 Tracker Thermal

Control System (TTCS) is described.

The TTCS operational system comprises:

e TTCS Ground Segment (TTCS-GS)including the TTCS Ground Monitoring & Control
System

» TTCS Space Segment (TTCS-SSipcluding a limited amount of TTCS related softevar
located in the JIDMC, and the TTCE firmware and eiséed TTCS loop components.

An overview of the TTCS Space Segment and the TGG&Ind M&C System architecture is

given in Figure 3-1 below. The TTCS Space Segmempcises the TTCE A and B, the

Primary Loop and its A and B equipment, the Secontdaop and its A and B equipment, and

the TTCS related software running in the JMDC.

The current baseline division of functions for TTE&#nmanding, monitoring and control is:

High level command and monitoring functions locatedn ground in the TTCS-GS

- High level command of the TTCS-SS via sending tdd@mmands (Write Data Types
request) to the TTCS-SS,

- High level monitoring of the TTCS-SS operation teeemetry acquired from the TTCE
by the JMDC via the execution of Data Polling Tableending Read Data Types
requests to the TTCE, which responds with the éstsatresponse data.

High level command and monitoring functions locatedn JMDC:

- telecommand and monitoring data I/F functions WilIiCEs,

- functions for (semi-) autonomous execution of stgrtprocedures of the TTCS and
associated monitoring..

High level health-guards located in the JIMDC

Health-guards are applied at low level in the TT(S&e section 3.2.3) and at high level in the

JMDC.

The high level health-guards in the JMDC are ramlito protect the Tracker against

malfunctioning of the TTCS.

It is noted that high level health-guards have bedefined by NLR, but have not yet been

implemented in the JMDC.

Low level control and monitoring functions locatedin the TTCEs: see section 3.2

Low level control of the TTCS loops the TTCE firmmgawhich implement:

- TTCS control loops,

- TTCS health-guards (alarms),
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- Read/Write Data Types interface (via CAN bus) fiord for the executions of Read and
Write Data types, i.e. telemetry and telecommamdtions.

TTCS
o lovel healh Data polling table TTCS on-board
igh level hea procedures
guards

stored

TTCS

data TTCS
health

start-up

guard x

TTCS-SS

JMDC s/W

TTCS TTCS
[Communication| automatic
Manager procedures

TTCS
Ground
Ops &
Monitoring
system

CAN busses

TTCE-A TTCE-B

7/;3 j s
L

Low level health
guards g b a b
eqwent equipment equipment equipment
Primary Loop (PL) Secondary Loop (SL)

Figure 3-1: Overview of TTCS Space Segment and TTCSround M&C System.

3.2 Low level TTCE located TTCS control and monitoringfunctions

3.2.1 Low level TTCE located TTCS control loops
The low level loop controls in the TTCE and thairanyms are
1. on/off heater control loops:
» Condenser liquid lines health heaters RAM: LLR
» Condenser liquid lines health heaters WAKE: LLW
* Pre-heaters 1 and 2 control loops: PR1 and PR2
e Start-up heater control loop: SUP
» Cold orbit heater: COR
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Each heater on/off control loop can be ENABLED/DEBAD by sending Write Data Type
OxO0A, (carrying the bit settings required for thigrpose) to the TTCE.

Each heater can also be operated "manually”, wheréeater is set ON/OFF by sending Write
Data Type x07 (carrying the bit settings requiredthis purpose) to the TTCE.

2. Accumulator PI control
e Accumulator PI control loop comprises a heaterhfeating (FAC) and Peltier element
(TEC) for cooling. The flight accumulator contrélAC) heater is actuated by a filtered
PWM output ( 0 ... + 28 V) for heating. The TECe actuated by a filtered PWM
output (0 ... + 28 V) for cooling. Furthermore trezamulator is equipped with ground

test heater (GAC).

The accumulator Pl control loop can be PI_ENABLEDIRSABLED by sending Write Data
Type Ox0A, (carrying the bit settings required tluis purpose) to the TTCE.

The accumulator heaters/TECS PWMs can also beatggemanually, i.e. directly by sending
Write Data Type 0x09, (carrying the bit settingguieed for this purpose) to the TTCE.
request to the TTCE.

It is to be born in mind that the redundancy cohadpghe TTCS -and the resulting different
operational configurations- fully apply to all cositloops and their operation.

For ground testing purposes a Ground Accumulatonti©b (GAC) heater has been
incorporated.

The initially planned Ground Accumulator Emergef@AE) heater and Flight Accumulator
Emergency (FAE) heater have not been incorporaegparate heaters, but have been added to
the GAC respectively the FAC.

3.2.2 Pump speed control

At low level, the pump speed is feedback-controlgdthe pump's own local speed-control
electronics, located at the pump. The pump coetralutputs a speed monitoring signal which
is read by the TTCE.

At high level, the pump speed setpoint can be obdiiyy sending a Write Data Type x08
request (carrying the bit settings required fos thurpose) to the TTCE, which in its turns
provides a settable analogue voltage to the pumpalter.
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It is to be borne in mind that the redundancy cphoé the TTCS -and the resulting different

operational configurations- fully apply to the pusrgnd their operation.

3.2.3 Low level TTCE monitoring by TTCE located health-guards

3.2.3.1 Introduction
Health-guards are present at low-level in the TEQH at high-level in the IMDC.

Note:

Although high-level health-guard functions in thC have been proposed and described by

NLR, see chapter 7, they are still yet to be dgwedo

Below the low level health-guards/alarms implemdnitethe TTCE are discussed.

3.2.3.2 Low level Health-guards and their alarm actions impemented in the TTCE
The following low level health-guards have beenlengented in the TTCE:

Health- Alarm Full Health-guard/alarm descriptive name
guard/ acronym
alarm
nr
0 CAV_alarm Cavitation margin health-guard
1 TRK_alarm Working temperature out of Tracker ehgalth-guard
2 PR1 alarm Preheater 1 temperature too high headttd
3 PR2_alarm Preheater 2 temperature too high headttd
4 LLR_alarm Condenser lines health heaters RAM tatpre too high
health-guard
5 LLW_alarm Condenser lines health heaters WAKEpenrature too high
health-guard
LPS alarm Low pump speed health-guard
GAC_alarm Accu ground test accu heaters tempesatao High health-
guard

Table 3-1: Table of low-level health-guards locatedhe TTCE
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If a health-guard is triggered it raises an aldag &ind can execute an alarm action. The health-
guards run at the TTCE cycle rate and can not gabthd, so in alarm situations the health-
guards' alarm bits will always be set, however altheguard's alarm actions can be
ENABLED/DISABLED.

Below the health-guards and their operation arerdesd in more detail.

CAV_alarm: Health-guard: Cavitation margin health-guard

Hazard

The temperature of the subcooled return liquidhet pump inlet may come close to the
saturation temperature belonging to the currengly a&cumulator pressure/temperature, such
that, if the temperature of the return liquid wotudther increase, insufficient sub-cooling at the
pump inlet would exist and cavitation at the pumlptiwould occur.

CAV_alarm flag:

The CAV_alarm bit is set to Not_OK if differencetlween the accumulator setpoint and the
pump inlet temperature (the sub-cooling margiri¢ss than the cavitation margin, i.e. if:
Set_point — Pt01 < CAV_margin.

CAV_alarm action:

The health-guard action execution increases thenaglator setpoint. The setpoint increase is
coupled to the measured pump inlet temperature. Sgtpoint is increased such that the
cavitation margin is preserved: i.e. the setpainsét 5 °C above the measured pump inlet
temperature. The setpoint may be increased to amaxof 25 °C.

Furthermore the health-guard action switches adtérs: LLW, LLR, PR1, PR2, COR, SUP.

Note:

If the CAV_alarm is OK again, the accumulator setpoeturns to its original value again.

During alarm situations this may cause jitter & #ttcumulator setpoint between the increased
setpoint and the original setpoint.

TRK_alarm: Health-guard: Working temperature out of Tracker range:

Hazard

1. Atthe time of TTCS start-up the liquid flowing thrgh the evaporators may be too cold for
the tracker. If this is the case the start-up heatad the pre-heater on/off control loops will
be active. This mechanism might fail for some reasoinitially might not immediately be
capable to achieve the minimum survival temperatfithe Tracker Electronics (-20 °C).

2. The accumulator temperature may become too highbegause of an accumulator control
error, leading to a too high evaporator temperaamd higher than the upper Tracker
Electronics operational temperature ( + 25 °C).
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TRK_alarm flag:

The TRK_alarm bit will is set Not_OKk if the evaptmatemperatures:

+20°C < Pt04 < -20°C or

+20°C < Pt05 < -20°C

It is noted that the upper alarm temperature hamn behosen slightly below the upper
operational temperature of the Tracker.

TRK_alarm action:

No low level alarm action is coupled to this alarfhe alarm bit may be used at higher level
(JDMC).

PR1_alarm: Health-guard: Pre-heater 1 temperature vo high

Hazard

The temperature at the pre-heater 1 is too highg¢kmhigher than saturation temperature), e.g.
because there is no liquid flow.

PR1_alarm flag:

The PR1_alarm bit is set Not_Ok if: Pt04> 35°C

PR1_alarm action

Disable pre-heater 1.

PR2_alarm: Health-guard: Pre-heater 2 temperature oo high

Hazard

The temperature at the pre-heater 2 is too highg¢fihigher than saturation temperature), e.g.
because there is no liquid flow.

PR2_alarm flag:

The PR2_alarm bit is set Not_OKk if: Pt05> 35°C.

PR2_alarm action

Disable pre-heater 2.

LLW_alarm: Health-guard: Condenser lines WAKE health heaters temperature too high
Hazard:

The temperature of the condenser lines health ts2AtAKE becomes too high.

LLW_alarm flag

The LLW_alarm bit is set Not_OK if Pt09 > +35 °C

LLW_alarm action

Disable the condenser lines health heaters WAKE.



AMS Tracker Page 30 of 97

e, UNIVERSITE DE GENEVE Thermal Control Doc.ld AMSTR-NLR-TN-062

" =
% \I}T;E!\ NJ!!!EﬂF) Subsystem Issue Issue 1.0
taxy TTCS Commanding, Monitoring and Date November 2009

LLR alarm: Health-guard: Condenser lines RAM health heaters temperature too high
Hazard

The temperature of the condenser lines health teeB#&M becomes too high.
LLR_alarm flag

The LLR_alarm bit is set Not_OK if Pt06> +35 °C

LLR alarm action

Disable the condenser lines health heaters RAM.

Note:
It is noted that the condenser lines health heater<ontrolled by thermostats, not by a on/off
control algorithm in the TTCE.

LPS_ alarm: Healtguard: Low pump speed:

Hazard

The TECs dump heat withdrawn from the accumulatdhe liquid lines, which might lead to
local overheating or boiling if there is no orlétiflow. This has occurred during breadboard
tests and should be prevented by health-guards. gkis-heaters, start-up heaters and cold orbit
heaters shall be disabled if there is no or litdev. If pre-heaters, start-up heaters or cold torbi
heaters on/off control loops are in CLOSED_LOOPIafihere is low or no pump flow, the
on/off control loops can not keep the temperatioeally at the setpoint as the used temperature
sensors are not located near the heaters and tb# oontrol loops hence can only function
properly when there is sufficient flow.

LPS_alarm flag

The LPS_alarm bit is set Not_OK if pump_speed <02¢4in.

LPS _alarm action

Disable operation of TECs, start-up heaters, pegene and cold orbit heaters if the pump speed
is below 2400 rpm.

GAC_alarm: Health-guard: Accu control ground test heaters temperatures too high

In addition to the above health-guards, there isadditional safeguard which is only useful
during the use of the ground testing heaters.

Hazard

For ground testing of the accumulator control tbeuanulator is heated by ground test heaters
(GAC) mounted on the accumulator body and not gy abcumulator control heaters (FAC)
mounted on the heat pipe. The hazard is that thpdeature at the location of the accumulator
control ground test heaters may become too high.

Purpose of this health-guard
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GAC_alarm flag

The GAC_alarm bit is set to Not_OK if the accumaotaemperature Pt03 > 65 °C
GAC_alarm action

Disable the ground accumulator control test heaters

3.2.3.3 Enabling/disabling of the health-guards alarm actios

The health-guards alarm actions can be enablebldisdy sending Write data Type OxO0A,
carrying the bit settings required for this purpdsehe active TTCE.

Their default status at TTCE power-on is: ENABLED

3.2.3.4 Health-guards alarm bits
The TTCE health-guards alarm bits can be retridyedending Read Data Type request 0x0A
to the TTCE.
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3.3 High level TTCS loop commanding and monitoring

3.3.1 Introduction

At high level, the TTCS is commanded via sendingt&/Data Type requests to the active
TTCE and the TTCS is monitored via telemetry aceiipy sending (cyclical) Read Data Type
requests to the TTCE.

The TTCS is monitored via telemetry acquired bydasm Read Data Type requests to the
TTCE.

A continuous telemetry data stream can be obtabedbading Data Polling Tables in the

JMDC, which in its turn acquires the data from TECE via cyclical sending the appropriate
Read Data Types from the Data Polling Table tolth€E.

Likewise a single Read Data Type request can bessee to the TTCE by the ground system
to get one set of return data.

JMDC Monitoring
list

Requested
Data

TTCS-SS

TTCS TTCS Communication
Ground ™ Manager
Ops &
Monitoring TC
system

JMDC Command —— | CAN busses
List
TTCE-A TTCE-B
aP asS bP bS
a b a b
equipment equipment equipment equipment
Primary Loop (PL) Secondary Loop (SL)

Figuur 3-1: High level commanding and monitoring sbhematic
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The operation of the TTCs must adhere to striccgdares, in order to prevent operations

errors.

At high level the TTCS is operated by sending Witga Type requests to the TTCE.

The Write data Types to be sent to the TTCS ararozgd in operational procedures. For the

TTCS two types of operational procedures are tdistenguished:

- schedulable procedures. This type of procedureagmmsingle Write Data Types or sets of
Write Data Types for immediate or time tagged eXeou Time tagged execution means
that a Write Data Type or set of Write Data Typgdd be executed at the time point
specified by the time tag. Immediate execution reghat the commands are to be executed
as soon as possible. The Write Data Types arefisentground to the JIMDC. The JMDC
takes care of sending the Write Data Types at itjf& time to the TTCE. This type of
schedulable operations comprise most normal rowuperations when the TTCS has been
started-up and is actively cooling the Tracker,hs@as: accumulator setpoint changes
required for hot, nominal and cold orbits, disaplipre heater control in hot orbits and
consequent enabling in nominal and cold orbits, Ebat is, all normal routine operations
that can be scheduled in time.

Schedulable procedure schematic (example)

+ monitoring
request
reques

AMS-02 & TTCS AMS-02 & TTCS AMS-02 & TTCS

Execution of

commands in

programmed
sequence

request

AMS-02 & TTCS

AMS-02 & TTCS

JMDC

JMDC JMDC JMDC JMDC Monitoring
Monitoring Monitoring Monitoring Monttoring Jist (TTCS)
list (TTCS) list (TTCS) list (TTCS) list (TTCS)

3\ \® \9 \J

JMD_C Command Requested
List (TTCS) Requested Reguested Requested Requested Data
Data Rete Data Data

Monitoring of TTCS data

AMSO02 (TTCS)
Ground

Ops & Monitoring
system

Y

Time

Figuur 3-2: Schedulable procedures



AMS Tracker Page 34 0f 97

Thermal Control Doc.Id AMSTR-NLR-TN-062
subsystem Issue Issue 1.0
TTCS Commanding, Monitoring and Date November 2009

non-schedulable procedures. Non-schedulable proeeddo not fit in the time tagged
execution paradigm of the JIMDC command list. The®eedures consist of sequences of
Write Data Types separated by decision criteriab@sis of the decision criteria it is to be
decided whether or not it is allowed to send thd kérite Data Type or set of simultaneous
Write Data Types to the TTCE. That is, after eadmmand or set of simultaneous
commands to the TTCE, it is the task of the TTC®ramr (and possibly the Tracker
operator as well) to monitor the TTCS status (emperatures) and to wait and see if the
criteria for sending the next command or set ofufiameous commands are met. This type
of procedure is to be executed step by step whieaitoring telemetry. This requires a
continuous telemetry stream from the TTCS to theC3TGround Operations and
Monitoring System. In fact this type of operaticanconly be done from ground, having
real-time contact with the TTCS. Until now non-sdhkable procedures which have been
identified comprise only operations related to TTG&urt-up. The non-schedulable
procedures may pose a problem for the TTCS opesatibherefore it has been decided to
define these procedures in advance and to pregmmognem as far as possible in JMDC
software, such that they can be executed semi-antously by the JMDC, where the
JMDC plays the role of the TTCS operations expaking decisions on basis of monitored
telemetry. In this way the required downlink bandtiis reduced. A number of procedures
to be implemented in the JIMDC, currently only retato TTCS start-up, have been defined
in Chapter 8.

Non-Schedulable procedure schematic (start-up example)

Execution of Execution of
commands in Execution of

i commands in 4
Execution of commands in

commands in programmed programmed
programmed sequence
sequence

N
N
Reathy
Write
data
types

sequence programmed
sequence

— 1
Readdy
Write

data

types

B %

AMS-02 & TTCS AMS-02 & TTCS AMS-02 & TTCS AMS-02 & TTCS AMS-02 & TTCS AMS-02 & TTCS

AMS-02 & TTCS AMS-02 & TTCS

JMDC JMDC JMDC
Monitorin JMDC Monitoring JMDC
I

Monitoring
list (TTCS) lonitoring ist (TTCS; Monitoring list (TTCS)
mes) lst (TTCS) mes) lst (TTCS) e

Monitoring
@ @ @ 'ﬁ it (TTCS)
o
ist JMDC Comi ©
—N Requested

List (TTC:

JMDC Command
List (TTCS) IMDC Commfnd
st (TTCS

Data Requested
Data

8

AwmS02 (TTCS)
Ground

AMS02 (TTCS)

roun
Ops & Monitoring
Syom Ausoz (TTCs) Awsoz (TTCS)

ou

Ground Ground AMS02 (TTCS)

Ops & Monitoring Ops & Monitoring rou Ground
syste systom Ops & Monitoring Ops & Monitoring
system system

R W

TTCS ground operator TTCS gdrou_nq operator TTCS ground operator
decision ecision decision

\

Time

Figure 3-3: Non-schedulable procedures
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Two systems for TTCS commanding and monitoringcareently foreseen:

TTCS S5
TTCS TTC_S : TTCS'
Ground Communicationl| automatic
Ops & Manager procedures
Monitoring
system

TTCE GSE
PC

"

|- !
CAN busses

TTCE-A TTCE-B
aP aS bP bS
a b a b
equipment equipment equipment equipment
Primary Loop (PL) Secondary Loop (SL)

Figure 3-4:Flight and GSE commanding set-up

1. The TTCE Ground Support Equipment. The TTCE GSP@based. The TTCE GSE
interfaces directly with the TCCE via a connectimm the CAN bus. Write Data Type
requests are sent by the operator directly to tR€H and telemetry is acquired via
(cyclical) sending of Read Data Types. This systensed at CERN ESTEC and KSC. The
TTCE GSE may also interface to the TTCS via the @yiB.g. at ESTEC and KSC. All
operations on the TTCS are performed by the TTC&atpr while directly monitoring
telemetry from the TTCE.

2. The TTCS Ground Operations and Monitoring Systelris Bystem will be used during
flight. The TTCS Ground Operations and Monitoringsteém interfaces with the AMS02
Payload Operations and Control System which furthkes care of the data interface with
the JMDC. For TTCS in-flight operations the diffece between schedulable and non-
schedulable operations, as described above, dags pble.

2.1. Schedulable operations/procedures are performed fyround via putting a single
command or set of commands in a "command list"ddaid the JMDC for immediate
or time tagged execution. This type of schedulalglerations comprise most normal
operations when the TTCS has been started-up audively cooling the Tracker.



AMS Tracker Page 36 of 97

(‘m..n) Thermal Control Doc.ld AMSTR-NLR-TN-062
subsystem Issue Issue 1.0
TTCS Commanding, Monitoring and Date November 2009

2.2. Non-schedulable procedures (currently only TTCSt-sta related) are to be pre-
programmed in the JMDC. Those procedures can beatad by a single telecommand
from ground for further semi-automatic execution thg JMDC, where the JMDC
plays the role of the TTCS operations expert takdegisions on basis of monitored

telemetry.
Non-Schedulable procedure semi-automatically executed on orbit
Simulated ground Simulated ground
B operator decision operator decision
Execution of TTCS k TTCS k
commands in 3
automatic CEDD automatic start-up
programmed decision command A command
sequence 153 decision Ve
call - -~ I »
automatic | monitoring #| monitoring | = P> monitoring
start-up request request request request
procedure
AMS-02 & TTCSAMS-02 & TTCS AMS-02 & TTCS AMS-02 & TTCS AMS-02& TTCS AMS-02 & TTCS

JMDC

JMDC JMDC Monitoring
JMDC Monitoring JMDC Monitoring list (TTCS)
Monitoring list (TTCS) Monitoring list (TTCS)
list (TTCS) list (TTCS) @
JMDC Command ©
List (TTCS) equested
N equested equested Data
AN quested equested
Featk ta
Write
data
types
AMSO02 (TTCS)
Ground
Ops & Monitoring
system Monitoring of TTCS data

TTCS ground operator (partly unemployed)

Time

Figure 3-5: Semi-automatic programme
It is noted that the TTCS ground operator still hde option not to activate a
loaded/programmed procedure and to execute theeguoe completely from ground, while

interactively monitoring the telemetry.

Note:
The TTCE GSE currently is existent and is usedeERR and will be used at ESTEC and KSC.

The TTCS Ground Operations and Monitoring Systeouisently still to be designed.
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An overview of all TTCS related Read and Write Datges is given in Table 3-2. This
information is taken over from Ref. 20.

Table 3-2 Overview of TTCE Read and Write Data Type

Data type Read/Write
Description
nr request
x01 Read Ping
x05 Write Start Erase Flash Sector
X05 Read Erase Status (Not implemented)
x06 Read Memory
Xx06 Write Memory
x15 Write Start DS scan
x15 Read DS Scan Status
x16 Read DS Control register
x16 Write DS Control Register
x17 Read DS ID table
x17 Write DS ID table
x18 Read DS Temperatures
x19 Read Pt1000 temperatures
x19 Write Pt1000 redundancy control
X1A Read Pressure sensors
x07 Write 28 V Control
x07 Read 28 V control
x08 Write Pump Control
x08 Read Pump Control
x09 Write PWM Control
x09 Read PWM Control
x03 Read Execute Configuration file
x1B Write Delay 10 msec
X0A Write Loop Control
X0A Read Loop Control

3.3.2 Highlevel TTCS Loop commanding
The Write Data Types directly involved in the conmaig of the TTCS are, see Table 3-2:
x07: 28V Control: Switching on/off 28V supply powler heaters, TECs, pumps

x08: Pump Control: Setting of the pump speed setpoi

x09: PWM Control: Manual control setting of PWM dutycle

- XOA: Loop Control: Setting/Changing of Loop Contpalrameters:
= Setting of control loops parameter values

= Enabling/disabling of control loops ( on/off andl&bps)

= Enabling disabling of health-guard actions
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A high level description of the above Write Datap€y is given in the following sections. The
detailed low level definition at bit and byte lewa#lall relevant Data Types is beyond the scope
of this document, but is known by Mr Vladimir Koatgko and Mr Alexei Lebedev.

This information is not available to NLR. It is urdwn if this information is documented.

3.3.2.1 Write Data Type x07: Commanding of 28V power switchs
Write Data type x07 is defined in Table 3-3 belovhjch has been taken over from Ref. 20.

Table 3-3 Write Data Type x07: Commanding of 28V soply power for heaters, TECs,
pumps, TTCEs

Data Read/Write description
Type reguest

x07 Write 28 V control

Request data: 8 bytes

Reply: done

There are 16 different heaters each powered by 28V through 2switches
(E_, M_,) connected in series.

There is one control bit for each switch (E_ bit M_bit).

Control bit == 0-> switch is OFF.

Control bit == 1 -> switch is ON.

The control bits are implemented by two flip-flops: one for the E_ switch
and one for the M_ switch. In the command with data type 0x07 (+0x40
because write command) there are three bits: set E, set M, and Write
Enable.

The command execution is described by the logic table: (info V. Koutsenko)

resulting switch
Write Command bits control bits value
NC = no change
setE | setM \é\qggl e | |E M_
0 0 0 -> NC NC
0 1 0 -> NC NC
1 0 0 -> NC NC
0 0 1 -> 0 0
0 1 1 -> 0 1
1 0 1 -> 1 0
1 1 1 -> 1 1
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Further definition of write data type x07

switch name

Set value
byte & bit

Write Enable bit byte & bit

E_LLW P

00

E_LLR P

01

E_PR1_P

E_PR2_P

E_COR_P

E_SUP_P

E_GAE_P

E_FAE_P

o|lo|o|lo|o|o
Njlojloalb~lw (N

NIN|ININDINININDN
~N|lojla(h~lfw|N|FL|O

M_LLW_P

M_LLR_P

M_PR1_P

M_PR2_P

M_COR_P

M_SUP_P

M_GAE_P

M _FAE P

RRrlRrlRr|R[Rr|[R|R
Nola|lsa|lw[Nvirk|o

NININ NN ININDN
Nola(~M|lwWIN|(FL|O

E_LLW S

E_LLR S

E_PRL_S

E_PR2_S

E_COR_S

E SUP S

E_GAE_S

E_FAE_S

WlWwwlw|[lw|lw|w
~N|lo gb~|fwNM|ER|O

gl aaflafalolo
N|[o gb~|fw(N|R|O

M _LLW S

M _LLR_S

M_PRL1_S

M_PR2_S

M_COR_S

M_SUP_S

M_GAE_S

M_FAE_S

R R
N~ |]W|N|R|O

aloajloafo|jofojoaoa
N[fo|oa|~M|W[IN|F|O

There are 6 regulated voltage (PWM) loads powered by 28 V trough one switch each
and 2 pump 28 V pwr switches

E_GAC_P

E_FAC_P

E_TEC_P

E_GAC_S

E_FAC_S

(e N NN N NN N Ne]
AlW|IN|F|O

N NN N~
Alw(N|k|o
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E_TEC_S
P_P
P_S

The Write Data Type x07 is used to provide powertie heaters, TECs and pump to be used
further in closed loop control. The Write Data tyf@# can also be used to "manually" switch
heaters ON/OFF (LLW, LLR, PR1, PR2, COR, SUP).

Note.
The GAE and FAE heaters have been skipped, althtiaghswitches are present.

3.3.2.2 Write Data Type x08: Setting of SCV code value fopump speed setpoint
Write data Type x08 is defined in Table 3-4, whias been taken over from Ref. 20.

Table 3-4 Write Data Type x08: Setting of analogu&oltage parameter value for pump
speed setpoint

data type nr Read/Write description
request
x08 Write Pump control

Request data; 2 byte

Reply: DONE

Byte 0: SCV_P Speed control voltage forPump in prime loop

Byte 1 SCV_S Speed control voltage for Pump in Secondary Loop
Control voltage: mV=4096*SCV Code/256) [mV]

Below a calibration graph of the required analo§peed Control Voltage [mV] as function of
the desired pump speed [rpm] is given.
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Required SCV control voltage as function of desired pump speed
300 N
—— —e— calibration: SCV woltage versus pump speed >
L . _— v
—— Linear (calibration: SCV woltage versus pump /]
3000 speed) P
— 2500 A /
£ /
o Control voltage mV = 0.3444*rpm - 164.26 — ¥
g d
£ 2000 - /
> /
(@]
< /
8 1500 //’
o]
o Ve
= /
g
<1000 - /
500 -
0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
desired pump speed [rpm]

Figure 3-2 Required speed control voltage [mV] asuhction of the desired pump speed.

The linear interpolation formula of the requirede8g Control Voltage as function of desired
pump speed is, see Figure 3-2:
Speed Control Voltage: mV = 0.3444*rpm — 164.26;

For the Speed Control Voltage setting, see WriteaDagpe x08

The Speed Control Voltage has a range from 0 t® 409.

The Speed Control Voltage is set via the SCV-codelwvhich is unsigned bit: 0 to 255
:So:

Speed Control Voltage: mV = 4096*SCV Code/255)

The required SCV code as function of the pump speedcan be calculated from:

SCV code = rpm* (0.344*255/4096) -164.26*255/4096

The required SCV code value (integer only) candael from the chart, Figure 3-3
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required SCV code as function of desired pump speed [rpms]
250
>
| | | | A
| | —+—required SCV code as function of
desired pump rpms

200 +
o 150 t
o
& L
=2
()
8
o
> /
8]
? 100 +

50 A
|
0 . i . . . . .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
desired pump speed [rpm]

Figure 3-3 Speed Control code (integer value) asriation of required pump speed [rpm]

3.3.2.3 Write Data Type x09: Manual setting of PWM duty cyde

Normally, the duty cycles of the PWMs are set it associated closed loop control
algorithms, if those are enabled.

However, the duty cycles can also be set manu@ly\irite Data Type x09.

Write data Type x09 is defined in Table 3-5, whigds been taken over from Ref. 20

Table 3-5 Write Data Type x09: Manual control seihg of PWM duty cycle

data type nr Read/Write description
request
x09 Write PWM control

Request data: from 2 to 12 byte
Reply: DONE

Two bytes per PWM controller

Byte 0; Address (0 5 valid)
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@

Byte 1:DCV Duty Cycle value
PWM controller output is OV (OFF) if DCV == 0

Duty Cycle 99.6% if DCV == 255

address
DCV_GAC_P 0
DCV_FAC_P 1
DCV_TEC_P 2
DCV_GAC_S 3
DCV_FAC_S 4
DCV_TEC_S 5

3.3.2.4 Write Data Type x0A: Setting of Loop control paramder values

Write data Type x0A is defined in Table 3-6, whiws been taken over from Ref. 20.

The control loop parameters have default valueST&ZIE power-on. Loop control parameter
values can be changed via sending Write Data tQpe(gee Table 3-6).

Table 3-6 Write data Type x0A: Setting of Loop Contol parameters

data type nr Read/Write description
request
X0A Write Loop control

Request data: from 2 to 128 byte
Reply: DONE
Two bytes per parameter

Byte 0: Address (0 63 valid)

Bytel parameter value

In Table 3-7 below an overview of TTCS loop contpalrameters and variables and their
default values at TTCE power-up is given. An ideaittable of variables and parameters can be
compiled for the Secondary Loop. This informatioaswaken over from Ref. 20

Table 3-7 TTCS Primary Loop parameters and their déault values at TTCE power-on

addr | Name Bit description Default  value at
ess nrs power-on
x00 Control 5-4 range 0

3 heat RO

2 FG 1
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addr | Name Bit description Default value at
ess nrs power-on
1 test 0
0 pi_enable 0
xo1 | Setpoint 50 | (-32°C+31°C) 0°C
(accu)
x02 k1 0-7 unsigned, 8 bit LSbhit=1 (0 - +255) 0x10 (= 16)
x03 k2. 0-7 unsigned 8 bit LShit = 1/16 (0-+15.9375) 0x10 (=1.0)
x04 k3 0-7 unsigned 8 bit LShit = 1/32 (0-+7.96875) 0x10 (= 0.5)
x05 iband 0-7 unsigned 8bit LShit = 1/16 (0- +3.9375) 0x10 = 1°C
x06 0-7 MSB signed 16 bits -32768 - + 32767 0
¥07 Feed_forw 0-7 LSB 0
x08 Test T 0-7 4MSbits = 0 bits3-0 contain bits 11-8 of Test T | 0
x09 - 0-7 bits7-0 of Test T, 0
X0A ph_term 0-7 RO MSB signed 16 bit depends on Pt01 P
x0B - 0-7 RO, LSB depends on Pt01 P
x0C ih term 0-7 RO, MSB signed 16 bit 0
x0D - 0-7 RO, LSB 0
X0E pi_dcv RO unsigned char
XOF cav_margin 0-4 LShit = %2 °C (0-15.5 °C) 0x0A (= 5°C)
0-5 LLW setpoint (-32 - +31) 0x20 (=-31°C)
x10 LLW_Loop 6 LLW enable LLW_enable =0
7 LLW_out LLW _out =0
0-5 LLR setpoint (-32 - +31) 0x20 (=-31°C)
x11 LLR_Loop 6 LLR_enable LLR_enable=0
7 LLR out LLR out =0
0-5 PR1 setpoint 0x20 (= -4 °C)
x12 PR1_Loop 6 PR1 enable PR1_enable =0
7 PR1_out PR1 out =0
0-5 PR2 setpoint 0x20 (=-4°C)
x13 PR2_loop 6 PR2 enable PR2_enable =0
7 PR2 out PR2 out =0
0-5 COR setpoint 0x20 (=-31 °C)
x14 COR_Loop 6 COR_enable COR_enable =0
7 COR_out COR out =0
0-5 SUP setpoint 0x20 (=-31°C)
x15 SUP_Loop 6 SUP_enable SUP_enable =0
7 SUP_out SUP out=0
0 CAV
1 TRK
2 PR1
<16 alarm ena 3 PR2 OxFF (all alarms
- 4 LLW enabled)
5 LLR
6 LPS
7 GAC
0 CAV
1 TRK
2 PR1
3 PR2 depend onPt01_P -
x17 | alarm_now LLW Pt(?Q_P readings
5 LLR
6 LPS
7 GAC
x18 alarm_was 0 CAV depend on previous
1 TRK PtO1_P - Pt09_P
2 PR1 readings
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addr | Name Bit description Default value at
ess nrs power-on
3 PR2
4 LLW
5 LLR
6 LPS
7 GAC
# of cycles after
x19 cycle_cnt power-on (modulo
256)
x1A not defined 0
x1B not defined 0
x1C not defined 0
x1D not defined 0
x1E not defined 0
x1F not defined 0

x20 — x3F set of the same parameters for
Secondary Loop

It is noted that TTCE-A and TTCE-B each implemdrgse tables, such that TTCE-A can be
used to operate th& equipment of the Primary Loop or the Secondary Loop or tA€E-B
can be used to operate equipmentof the Primary Loop or Secondary Loop

3.3.2.5In Flight-Loop Control parameters K1, K2, K3, range and iband values

The above listed power-on default values for K1, K3, range and iband should not be used
operationally.
The following set of parameters which have provebd optimal in earthly conditions, is to be

used.

Table 3-8 Loop Control parameter values k1, k2, k3range, iband to be used in-flight.

parameter parameter size, LSbit value, scaled range scaled | remark
name nr value to be
used
range x00 unsigned 2 bits, (0 —3), LShit=1| 1 p range =
bits 5-4 | scaled range (0 — 3) +0.9375 °C

k1 x02 unsigned 8 bit, (0 - 255), LShit = 1 255

scaled range (O - 255)
k2 x03 unsigned 8 bit, (0 — 255 ), LSbit|45.9375

1/16

scaled range (0 - 15.9375)
k3 x04 unsigned 8 bit, (0 — 255), LSbit|%.96875

1/16
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scaled range (0 — 7.96875)
Iband x05 unsigned 8 bit, (0 -255), LShit| % °C slightly larger
1/16°C than p range

scaled range (0 — 3.9375)

Below, two other sets of parameters are given. &lsess cause slower control behaviour of the

TTCS. So they should not be used unless a TTCStipes expert has reason to do so.

parameter parameter size, LSbit value, scaled range scaled value
name nr to be used
range x00 2 bits, (0 - 3), LShit =1, 2 p range =
bits 5-4 | scaled range (0 —3) +1.9375°C
k1l x02 unsigned 8 bit, (0 — 255), LSbit=1 | 255
scaled range (0 - 255)
k2 x03 unsigned 8 bit, (0 — 255), LSbit = 1/1610to 5
scaled range (0 - 15.9375)
k3 x04 unsigned 8 bit, (0-255), LShit = 1/16 | 7.96875
scaled range (0 — 7.96875)
iband x05 unsigned 8 bit (0-255), LShit = 1/169C2 °C
scaled range (0 — 3.9375 °C)
parameteln parameter size, LSbit value, scaled range scaled value
name nr to be used
range x00 2 bits , bits 5-4 of x00 0 p range =
bits 5-4 | scaled range (0 —3) +3.9375 °C
k1 x02 unsigned 8 bit LSbit = 1 255
scaled range (O - 255)
k2 x03 unsigned 8 bit LSbit = 1/16 5t01
scaled range (0 - 15.9375)
k3 x04 unsigned 8 bit LSbit = 1/16 7.96875
scaled range (0 — 7.96875)
iband x05 unsigned 8 bit LShit = 1/16°C 3.9375°C equal to
scaled range (0 — 3.9375) range
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It is noted that the iband must be chosen sliglatfger, or equal to, the p range. The p range
depends on the chosen range value, see above.

A larger iband causes a larger band where controt entegration takes place and hence will
cause larger overshoot, and possibly oscillatohabmur if k2 is kept constant. Therefore k2 is
chosen smaller if a larger range and iband areteelelf k2 = 0 is selected only proportional
control is active, which will cause a hang-off w.rthe setpoint.

3.3.2.6 Important notes
The E_ control bit of a 28V power switch must bet ¢®) = 1 while the associated loop is under
closed loop control.

The alarm action bits do not change the value ®f b or M_ control bits of the 28V
power switches, but suppress the E_ bit actiomgralaeg to the logidable 3-9

Table 3-9 Heater status as function of an associat@alarm bit

E_bit Alarm bit Heater status
0 0 OFF

1 0 may be ON

0 1 OFF

1 1 OFF

The information in this table has been supplied/yV. Koutsenko

It is noted that an E_ bit action may be suppressenhore than one associated alarm bit, see
section 3.2.3.

For each heater with loop control the results ef tbut bit and _enable bit is described by the
logic Table 3-10.

Table 3-10 Heater status as function of associate@ut bit and _enable bit.

M_ bit _out bit _enable Heater status

0 X 0 OFF

1 X 0 ON if E==1 Else OFF *)
X 0 1 OFF

X 1 1 ON if E==1 Else OFF *)
The information in this table has been suppliedvioyV. Koutsenko

X = does not care
*) note that if alarm bit == 1 while E_ bit == 1 dter is OFF.
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3.3.3 High level TTCS monitoring

3.3.3.1 Introduction

The current baseline is to monitor TTCS operatiatatuses and temperatures on the ground,
by the TTCS Ground Operations and Monitoring System

A continuous-time monitoring data stream can baiokd by loading Data Polling Tables in
the JMDC, which in its turn acquires the data frin@ TTCE via sending the appropriate Read
Data Types.

An overview of the Read Data Types is given in €2 above.

3.3.3.2 Proposed routine in-flight TTCS monitoring Data Poling and down-link
The Read Data Types and their response data sih&h vare most important for TTCS
operation monitoring are given below in Table 3bElow.

Table 3-11 Read Data Types and their response das&zes for TTCS monitoring

Data Read request reply bytes
type Request Description
nr
Pt1000 44
x19 Read temperatures
X1A Read Pressure sensors 8
x07 Read 28 V control 5
x08 Read Pump Control 6
x09 Read PWM Control 6
X0A Read Loop Control 64
x18 Read DS temperatures 96 (4buses, 46 sensors in total)
total 229 bytes = 1832 hit

It is proposed to have the IMDC execute this setyel0 seconds.

This leads to a mean TTCS monitoring downlink bit ate of 183.2
bits/second.

Note:

Note that the overall performance of the TTCS canmwnitored from the distribution of the
temperatures measured by the Dallas sensors moontde: evaporators. Hence monitoring of
the Dallas sensors is very important and very uisefu
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3.4 APS mean linear calibration curve averaged over alhAPSs

mean linear APSs calibration curve averaged over all APSs

Absolute pressure [MPa] = 2.3552*Voltage [V] + 0.614

pressure [ MPa]

0 0.5 1 1.5 2
APS output voltage [ Volts ]

2.5

Figure 3-4 Mean linear APS calibration curve averagd over all APSs
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3.5 Mean linear DPS calibration curve averaged over alDPSs
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0 0.5 1 1.5 2
DPS output voltage [V]

mean linear DPSs calibration curve averaged over all DPSs

Differential pressure [KPa] = 39.216*Voltage [V] - 0.37016

2.5

Figure 3-5 Mean linear DPSs calibration curve averged over all DPSs
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4 The TTCS Ground Support Equipment used at CERN/ESTE/KSC

At CERN a control and monitoring system for the S Ccalled TTCS Ground Support
Equipment, has been implemented. The Graphical Uderface has been split over two
screens, given below, see Figure 4-1 and Figure 4-2

This system will also be used at ESTEC and KSC.

Note:

It is noted that the control and monitoring syse&enCERN can service one operational TTCE.

If it must be possible to have TTCE-A and TTCE-Bsitaneously operational, there must be
two TTCS control and monltorlng systems simultarsipactive.

TICE-2fpcaal03 via CANG
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‘
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Figure 4-1 TTCS control and monitoring Graphical User Interface
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5 The TTCS Ground Operations and Monitoring System

TBW
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6 The JMDC command list

TBW
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7 Proposed high level TTCS health-guards in JMDC

7.1 Introduction

Three health-guards could not be implemented inthEE, as they require actions at a higher

level. Therefore it is required to implement thasalthguards in the IMDC.

The health-guards proposed at JIMDC level are:

e Overall Tracker Electronics high and low temperature health-guard
Purpose: To provide an overall independent praiectif the Tracker Electronics for too
high and too low temperatures.

¢ Radiator freezing health-guard
Purpose: To warn for freezing of the radiators,olhinay occur during periods when the
PDS does not supply power to the radiators heai#tens.

« JMDC-TTCE communication outage health-guard (in TTCE-Manager)
Purpose: Protect the Tracker Electronics for pdgditmzardous malfunctioning of the
TTCS during a TTCE-JMDC communication outage.

7.2 Overall Tracker Electronics high and low temperature health-guard

7.2.1 Hazard
Too high or too low Tracker Electronics temperatdueing Tracker operation, e.g. caused by
unnoticed TTCS malfunction or unexpected TTCS dpmral behaviour.

7.2.2 Purpose of this health-guard

To provide an overall protection for the TrackeedEtonics for operation at too high or too low
temperatures, outside the operational range of theker Electronics.

The Tracker Electronics temperature is directlyisnitored by means of a number of digital
Dallas temperature sensors which are mounted oevifygorators.

The operating temperature range of the TrackertiBleics is from -10C to + 25°C

The survival temperature range of the Tracker Edeats is from -20C to + 40°C

It is allowed to switch-on the Tracker Electronigkile it is in the lower range of its survival

temperature range (-2G).

7.2.3 Health-guard action analysis

It is proposed to switch-off and prevent switchomgthe Tracker Electronics if the monitored
temperatures (e.g. readings of two or more hedlhlas sensors) are not within the allowed
range - 20C to +25°C.
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7.2.4 Monitored variables

Evaporator temperature determined from a TBD sdaifas temperature sensors mounted on
the evaporators. In the current design, the Dd#agperature sensors are read by the TTCE
located micro-controller that communicates with #MDC via the CAN bus, and the Dallas
sensor readings are not available in the low-legsitrol FPGAs. Therefore it is proposed to
implement this overall Tracker temperature healtard in the JIMDC.

Note :
Note that the overall performance of the TTCS camlonitored from (the distribution of) these
temperatures, measured by the Dallas sensors. Heocgoring of the Dallas sensors is very
useful.

7.3 Radiators freezing health-guard

7.3.1 Hazard

Although autonomous thermostat controlled survivahters are applied to the radiators, they
will prevent the radiators from freezing only ietli?DS provides power.

Radiators may freeze if the PDS does not provideepdo the radiator heaters and the Tracker
iS not on.

In the current design, the PDS does not continyopisdvide power to the radiators survival
heaters, so monitoring of the radiator temperatigresquired, in order to signal a possible onset
of freezing.

Furthermore, the radiators may be frozen at the tpaint when the JMDC and TTCE are
powered-on. In that case the condenser lines neudeldrosted first before the radiator heaters
may be powered-on.

7.3.2 Purpose of this health-guard
Prevent freezing of the radiators.
Prevent de-frosting of the radiators before thedemisers have been defrosted.

7.3.3 Monitored variables
The temperatures of the radiators are measuredt®aml Ptll, the condenser lines inlet
temperatures are measured by Pt7 and Pt10.

7.3.4 Health-guard action analysis
Freezing of the radiators can only occur if the RId8s not power the health heaters while the
Tracker is not on.
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This health-guard in the JMDC is to signal the orferadiator freezing from the monitored
temperatures (e.g. <- 50°C) and has to (let) pammethe PDS power to the radiators health
heaters.

However, it is emphasized that if the monitoredgermatures turn out to be too low ( <- 55°C)
immediately after TTCE and JMDC are powered-on, rdator health heaters should not be
powered-on, as in that case the condenser linets lmeudefrosted first, see section 8.3.1 TTCS
start-up procedure.

Hence the proposed health-guard action is two-fold:

- (let) prevent power-on by the PDS of the radiatealth heaters if, immediately after
power-on of the JIMDC and TTCE, the monitored ram&mtemperatures indicate freezing,
i.e. Pt8 < -55 °C or Ptll < -55 °C at start-upthiis situation it is likely that the radiators
and condensers are frozen, so the PDS should netrpihe radiator heaters, before the
condenser.

- (let) the PDS power-on the radiator health heatecase the radiator temperatures decrease
from above -50 °C to below -50 °C. In situationsevehthe radiator temperatures decrease
from above -50 °C to below -50 °C it is certaint @ radiators and condensers are not yet
frozen, so the radiators can be safely powereth®yDS, to prevent freezing

7.4 JIMDC-TTCE communication outage health-guard

7.4.1 Hazard
Incorrect functioning of the active cooling Loophie no information on the functioning of the
Tracker cooling is available, due to a TTCE-JMD@oaunication failure

7.4.2 Purpose of this safeguard
Protect the Tracker Electronics for possibly haaasdmalfunctioning of the TTCS, after a
TTCE-JMDC communication outage

7.4.3 Monitored variables
The duration of communication outage duration canrieasured by software in the JIMDC by

counting (missed) TM cycles of TTCE-A and/or TTCE-B

7.4.4 -TTCE-JMDC communication outage health-guard actionanalysis
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If the communication between an active TTCE and @MViiils, there is neither information in
the JMDC available about the correct functioningtleé TTCS, nor theverall Tracker
Electronics high-low temperature safeguards able to function correctly.

Furthermore, there is no other independent (inddpenof the TCCS) measurement of the

Tracker temperature available in the JIMDC.

This is a potentially very dangerous situation foe Tracker Electronics that can not be

tolerated for longer time periods, for as the TTW@&ild fail in such a time period the Tracker

Electronics would burn-out.

Very short duration outages are tolerable, becabseks to the thermal mass of the Tracker,

the Tracker temperature will not react quickly ofifeCS failure.

The following health-guard actions can be considlere

1. switch-off the Tracker Electronics and
1.1. let the unreachable TTCE continue operation
1.2. stop the unreachable TTCE and TTCS via un-powekiisgPDS)

2. leave the Tracker and unreachable TTCE "ON" andhetJMDC autonomously switch
"ON” (if not already "ON") the redundant TTCE andntinue monitoring of the
unreachable active cooling loop via the redundafCH. In principle, during a
communication failure with the active TTCE it isgsible to monitor the behaviour of the
active cooling loop with the redundant TTCE if tlise is "ON"and healthy. Also the
Overall Tracker Electronics high-low temperaturaltfeguard can continue to function
correctly, now based on redundant data.

3. In case also the redundant TTCE appears to be cirabke, the Tracker shall be switched
off after which also the TTCE must be powered-odf the PDS.

This second idea sheds a new light on the opegdtiose of the redundant TTCE, e.g. one
TTCE might be used for active control and the reldum TTCE might be switched-on in case
of a communication failure or even might be "ON"ntouously to provide redundant
monitoring.

This second idea has not been worked-out yet, tbsteéms to be the preferred solution to
survive short periods of communication outage efdbtive TTCE.

As during a communication outage the active codiog is not reachable, e.g. for accumulator
setpoint changes, longer periods of persistent aomgation outage must be handled via
reconfiguration to a redundant configuration. A amfiguration involves powering-off the
unreachable active TTCE and its equipment and gog«en the redundant loop equipment,
control loops and pump.
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It is required to switch-off the Tracker during bu reconfiguration and to perform a complete
start-up procedure of the cooling loop.

Notes:

1. It is desirable to leave the unreachable TTCE "@MNting a communication failure, as
there is no means for a controlled switch-off. Hegre continued operation of the loop with
the Tracker Electronics "Off" will result in a gnaal cool down of the liquid temperature
and even may result in condenser freezing if th& FDnot powering the radiator survival
heaters. To this end the radiators freezing healtrd was proposed, see previous section
7.3. However, this health-guard has to functiorirendata supplied by the redundant TTCE
as the primary is unreachable.

2. It is highly desirable that there is a TTCE-indegemt overall Tracker Electronics
temperature health-guard in the JMDC. It is notkdt tthe proposed Overall Tracker
temperature health-guard is not TTCE-independent.
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8 TTCS operational rules and start-up related proceduves

8.1 Introduction

In order to avoid mistakes in the remote operatibthe TTCS, the TTCS is to be operated on

basis of strict operational procedures.

For the TTCS two types of operational proceduregaibe distinguished as has been described

before:

- schedulable procedures. This type of procedureagmsingle Write Data Types or sets of
Write Data Types for immediate or time tagged ekeou The Write Data Types are sent
from ground to the JIMDC command list. The JMDC takare of sending the Write Data
Types at the right time to the TTCE. This type ofiedulable operations comprise most
normal routine operations that can be scheduldunia after the TTCS has been started-up
and is actively cooling the Tracker.

- non-schedulable procedures. Non-schedulable proeeddo not fit in the time tagged
execution paradigm of the JMDC command list. Theseedures consist of sequences of
Write Data Types separated by decision criteriab@sis of the decision criteria it is to be
decided whether or not it is allowed to send thd Wérite Data Type or set of simultaneous
Write Data Types to the TTCE. That is, after eadmmand or set of simultaneous
commands to the TTCE, it is the task of the TTC®ramr (and possibly the Tracker
operator as well) to monitor the TTCS status (emperatures) and to wait and see if the
criteria for sending the next command or set ofuimmeous commands are met. This type
of procedure is to be executed step by step whieaitoring telemetry. This requires a
continuous telemetry stream from the TTCS to th€$ Dperator.

In fact non-schedulable operation can only be dama ground, having real-time contact with
the TTCS. The amount of additional monitoring degguired may pose a problem for the
TTCS operations.

Therefore it has been decided to define these guves in advance, as candidates for possible
implementation in JIMDC software.

In case of implementation in the JMDC software tbhap be executed semi-autonomously by
the JMDC, where the JMDC plays the role of the TTap8rations expert, taking decisions on
basis of monitored telemetry.

In this way no additional downlink bandwidth is véed.

The currently identified non-schedulable procedaresrelated to TTCS start-up.
In this chapter the identified operational proceduior the start-up of the TTCS and the initial
phases of the Tracker start-up are defined.
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As an introduction some operational TTCS know hawl aperational rules to be taken into
account are presented.

On basis of this information, a TTCS start-up pohoe and some additional support procedures
have been devised.

The procedures could be executed "manually" by @do@ontrol, but could also be
implemented in software and executed "semi-auton@thonder control of the JIMDC.

The term semi-autonomous is used here, as somenation needed in the procedures may not
be acquirable by the IMDC and still must be madsiale to the IMDC by ground command

As described in section 2.5 different operatiomaifiguration can be chosen.
The start-up procedure is written such that detlsvhich TTCE (A or B) is operating and
which Loop (Primary or Secondary) is started ulefisout of the procedure.

It is emphasized, that the TTCS operator still fias option to execute the procedures
associated with TTCS start-up "manually" at theugdy or to command the activation of the
"autonomous start-up" in the JIMDC.

8.2 TTCS operational rules for TTCS start-up and operaton

1. Operational configuration selection

From the description of the redundancy conceptentien 2.2 above it follows that there are
different redundant configurations in which a coglloop can be operated

1. TTCE-A powered on, controlling Primary Loop usird'equipment

2. TTCE-A powered on, controlling Secondary Loop usiAg equipment

3. TTCE-B powered on, controlling Primary Loop usiigj''equipment

4. TTCE-B powered on, controlling Secondary Loop usiByequipment

First it has to be selected which TTCE (A or Bp@wvered on, next it is to be selected which
Loop (Primary or Secondary is to be started up.

The TTCE power-on selection is as follows:

IF (TTCE-A ==HEALTHY) power-on TTCE-A

ELSE IF (TTCE-B == HEALTY) power-on TTCE-B

END

The Loop selection is done as follows.

IF (Primary Loop == HEALTHY) start-up Primary Loop

ELSE IF (Secondary Loop == HEALTHY) start-up SecarydLoop.

END
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For the first-time in-flight start-up it is to besumed that TTCE-A== HEALTHY and Primary
Loop == HEALTHY.

Exceptional cases in which P and S loop equipmenbperated simultaneously shall be dealt
with on a case by case basis and operations sheuteérformed under full ground monitoring
and control.

2. Power-onofa TTCE
A TTCE may be powered-on at any time. Powering-oRT&€E can not endanger the TTCS
system.

3. Status after TTCE power-on

- After TTCE power-on the relevant 28V power switches still OFF

Default values for TTCS loop control parametersgiven in Table 3-7, above.

In summary the status at TTCE power-on is:

- the 28 V power switches are OFF

- all on/off control loops are DISABLED

- pi control of the accumulator is DISABLED

- all health-guards /alarms and alarm actions are BEINZD

- the low pump speed alarm (LPS_alarm) should beeaets the pump power is OFF, the
pump speed setpoint == 0 rpm, and hence the pumg izinning.

-  FG ==1 (see Table 3-7), so accumulator flight he@aC) will be used.

- Temperature readings will depend on the actuaksys¢émperature situation.

4. Tracker normal operating temperature range

The operational temperature range of the Traclesmtrelnics is: -10 °C to +25 °C.

The temperatures experienced by the Tracker aretbporator temperatures, measured by
Pt04 and PtO5 at the evaporators' entrances anddlas sensors distributed along the

evaporator tubing These measured temperaturesdsheudlose to the accumulator setpoint and
accumulator temperature during steady state operati

5. Tracker survival temperature range
The survival temperature range of the Tracker madts is: -20 °C to +40 °C.

6. Accumulator normal operating setpoint temperature range
The operational temperature range of the Trackatrenics is: -10 °C to +25 °C
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The allowed minimum and maximum of the normal opegatemperature range of the
accumulator setpoint is consistent but not equdah¢éonormal operating temperature range of
the Tracker electronics, i.e.: -20 °C to +25 °C.

The accumulator temperature is measured by Pt01.

The accumulator temperature should be close tatiseamulator setpoint during steady state
operation. The accumulator temperature may diffemf the accumulator setpoint after a
setpoint change, e.g. due to ground command or @f&¥m action.

7. Pump inlet temperature cavitation margin during normal operation

As the suction pressure at the inlet of a runninmp is below the accumulator pressure, the
pump inlet liquid temperature must be below theuaudator temperature (= saturation
temperature) to prevent GOoiling in the running pump inlet and hence cdigtain the pump.
To this end a cavitation margin is to be employeith default value 5 °C, i.e. when the pump is
running or started, the pump inlet temperature khba at least 5 °C below the accumulator
temperature.

Given the maximum allowed operational temperat@ith@ accumulator, the maximum allowed
normal operational temperature of the pump intgiidl is:

maximum accumulator temp — cavitation margin = 25=20 °C(default values).

The pump inlet temperature is measured by Pt02.

8. Accumulator setpoint for automatic start-up; + 20 €

For an automatic start-up procedure by the IMDGcaumulator setpoint of 20 °C is chosen.
The rationale is as follows.

The start-up setpoint of the accumulator shouldtb@ve the pump inlet temperature, measured
by Pt02, to prevent cavitation. At start-up the BI®ox has approximately a uniform
temperature, which depends on the temperatureeo$upport structure the box is mounted to.
The liquid at the pump inlet has a temperature Wwiécslightly below the box temperature,
thanks to the small pump radiator.

In order to be able to switch on the pump withdwg tdanger of cavitation the accumulator
setpoint and actually measured temperature musbdee the box temperature.

Therefore automatic start-up an accumulator setpafint20 °C is chosen and a maximum
allowed box temperature at start-up of 19 °C isseho

A setpoint of +20 °C is in 90% of the time (but abtiays) higher than a TTCS box temperature
of 19 °C.
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Hence, there remains a risk that during automasid-sp the box temperature (max allowed
during automatic start-up is +19 °C) is close ® shart-up setpoint + 20°C and hence there is
only a cavitation margin of 1 °C.

It has been decided to allow automatic start-usuch a situation. The rationale to allow
continuation of automatic start-up in this situatise that the pump can suck in boiling £f0r a
short time span without harm. Normally, after saimee cold liquid from the condensers will
enter the pump and boiling -if present- will stopurthermore, the TTCS health-guards are all
enabled after TTCE power-up and hence - if thigatiibn occurs- the cavitation margin health-
guard will force the accumulator setpoint higheaximum is +25 °C- which also alleviates the
situation, although the temperature reaction ofit®imulator is rather slow.

So, after some time the pump inlet temperature2jPtBould return well below the accumulator
temperature (Pt01). If this does not occur probahére is not enough flow, possibly because
the liquid at the pump inlet is boiling.

So, if the Pt02 does not drop a certain marginwelee accumulator temperature PtO1 after
TBD seconds, the IMDC should stop the pump andabktbis situation to the ground.

9. Maximum pump inlet temperature allowed at automaticstart-up
As made plausible above the maximum pump inlet &zatpre allowed at automatic start-up is
set to 19°C.

10. Maximum temporary accumulator setpoint

The used cooling medium GB®ecomes supercritical above +31°C. The pump islesigned to
handle supercritical CQduring extended time periods. So, the pump iningdbop should not
be started-up nor be operational if the accumukstmperature is above +31°C.

As this temperature is also above the maximum dipgraemperature of the tracker, an
accumulator setpoint above + 25 °C (but below +31&Yy only be used temporarily and if the
Tracker is NOT ON, e.g. during start-up of the lpsge next.

11. Special situation: manual start-up at high box tempratures: Pt02 between + 19 °C
and +31°C

In a special situation an accumulator setpoint abo25 °C (but below +31°C) may be required
temporarily in order to enable start-up of the pulg. it may be required to start-up the loop
in a hot situation where the temperature of the pumtet (Pt02) in the TTCS box is above +
19 °C. Taking into account the cavitation margime faccumulator setpoint in that situation
should be above 24 °C (if possible 5°C above Rifi2ough a smaller margin may be allowed
temporarily, but below 31 °C). After start-up okthbump the cold liquid will cool down the
(parts in the) TTCS box, such that after some tineeaccumulator setpoint may be lowered, to
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within the operating range of the tracker. A stgrtef the pump in this situation is only allowed
to be done manually, while monitoring on the grothelvarious temperatures.

12. Special situation: high box temperatures Pt02+31°C
The loop should not be started-up above thesethigperatures.

13. Start-up at low temperatures

CO, freezes at approximately -55°C.

There may be situations that, before the TTCSadexd up, the radiators are below-55°C and
the CQ in the condensers attached to the radiators azerit

The TTCS pumps should not be started-up if theeedanger that the G@n the condensers or
condenser feed/return lines is completely or pdrdgen.

If the condensers are frozen, first the conderiges Imust be heated up before the radiators may
be heated up.

So the first logical action after TTCE power-ontasactivate the condenser liquid line heaters
control: i.e. enable the 28V LLR and LLW heater pownd enable the LLR and LLW on/off
control loops. The control loops are on/off conttobps. If the condenser liquid lines
temperatures are frozen or otherwise below theiredjtemperature, the heaters will be on and
ensure defrosting and heating the condenser lindgtdesired temperature.

Involved temperatures:

Pt 08a,b, Pt1la,b: at radiator

Pt7a,b, Pt10a,b: at condenser inlet

Pt6a,b, Pt9a,b at condenser lines

All temperatures must be > - 40 °C (TBD) before pumay be switched on.

On-Off control of LLW and LLR loops
Setpoint range LLW and LLR -32 to +31 °C
Default setpoint -31 °C

Sensors used: Pt06 (LLR), Pt09 (LLW)

Control loops are DISABLED at TTCE power-on
The LLW and LLR control loop can function propedyen if there is no flow yet, because Pt06
and Pt09 are mounted at the tubes, very closestbehters.

14. Operation of the radiators health heaters
The operation of the radiators health heaters regsipecial procedural attention.
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Freezing of the radiators can only occur if the RId8s not power the health heaters while the
Tracker is not on.

If after TTCE/JMDC power-on Pt07, or Pt06, or Ptk(Pt09 < -55 °C there is a danger that the
condensers are frozen. In that case first the cmaidine health heaters (LLR, LLW) control
must be enabled and the condenser lines tempesdt®& and Pt10 at the condenser inlets and
Pt06 and Pt09 at condenser lines must be > - 40€re the radiator health heaters may be
powered-on by the PDS.

Furthermore, during start-up of a loop, the radidealth heaters must have been powered on
and the radiator temperatures Pt 08 and Pt11 neust-10 °C before it can be allowed to start-
up the pump.

So in a safe start-up procedure first the condeimselth heaters control loops must be enabled
and after their temperatures criterion is satisfibg PDS must power-on the radiator health
heaters.

Note.

It remains allowed to power-on the radiators helaéiaters before the condenser LLR and LLW
control loops, under the strict condition that st dlear that the radiators (and hence the
condensers) are not frozen (i.e. > -55 °C).

For example it is allowed to power the radiatorltieheaters even before a TTCE is powered,
provided it is clear that the radiators (and hetieecondensers) are not frozen. Doing so, in
such a situation the radiator health heaters mayepnt freezing of the radiators and condensers.

However, it is emphasized that if the monitoredatmt temperatures turn out to be too low ( <-
55 °C) immediately after TTCE and JMDC have beergred-on, the condenser lines must be
defrosted first, see above and section 8.3.1 TTi@8-#p procedure and after the condenser
lines temperature satisfy the criteria the radiagalth heaters must be powered-on.

15. start-up at normal temperatures

Also at normal temperatures, the first logical @ttafter TTCE power-on, is to activate the
condenser liquid line heaters control: i.e. enahle 28V LLR and LLW heater power and
enable the LLR and LLW on/off control loops

If the condenser lines temperatures are OK thefobéhaviour of the LLR and LLW control
loops will ensure that the heaters are not unnacéssn.
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Furthermore, during start-up of a loop, the radidealth heaters must have been powered on
and the radiator temperatures Pt 08 and Pt11 neust-10 °C before it can be allowed to start-
up the pump.

Also the accumulator temperature control can béledaat the same time as the LLR and LLW
control is enabled.

All alarms are default ENABLED at power-on.

As pump does not run yet: LPS alarm is active

LPS alarm active: PR1, PR2, COR, SUP all are ORFYDEC =0
So heating accumulator is possible, cooling is not.

LLR and LLW control is possible.

16. Setting of the pre-heaters control loops setpoint

The default setpoint of the pre-heaters specifredable 3-7 is the delta temperature with
respect to the accumulator setpoint.

The absolute pre-heater setpoint is calculatech&y T CE according to:

abs pre-heater setpoint = accu setpoint + pre-heédelta) setpoint.

During normal operation the GQvill enter the pre-heaters approximately at, ayhgly below,
saturation temperature (is accu setpoint tempexatur

In order for the pre-heaters to be switched-onir thentrol loop setpoints must be above the
accumulator setpoint.

The default pre-heater delta setpoint is -4 °C,Tsd#e 3-7, which implies that the pre-heaters
default will be OFF.

As it is required to have the pre-heaters ON duriogmal operation of the TTCS the pre-
heaters control delta setpoints must always betcséhe maximum possible positive value
allowed by the 6-bit word range (+3.875 °C).

8.3 TTCS start-up related procedures

Keeping in mind the above know-how and rules, thiofing start-up related procedures are
defined

1. TTCS start-up procedure

2. Super saturation prevention after Tracker powepr@cedure

3. Accumulator set-point adaptation procedure

8.3.1 TTCS Start-up procedure
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TTCS start-up procedure

objectives | to start-up a healthy TTCS loop, sueh th

- health-guards are active

- 28V supply power is enabled for the used equipr(fezdaters, pump, TECs)
- The correct values for the accumulator control peaters are set

- The correct value for the accumulator temperateteoint is set

- The correct values for the pre-heaters setpoinsetre

- The correct pump speed setpoint is set

- The pump is running at the desired speed

commands | The flow diagram of the start-up procedure is gildetow in Figure 8-1

d

ure

e

2d

to be sent
parameter preset| function/description
value

condenser_timer n.a. timer to check if the conders®s achieve the desirg
temperature within reasonable time

condenser_time_out*) if the condenser_timer exceeds this value itgidged that the
condenser lines heating-up is failing and the TTESt-up is
aborted

radiator_timer n.a. timer to check if the radiatachieve the desired temperatt
within reasonable time

radiator_time_out *) if the radiator_timer excedtiss value its is judged that th
radiator heating-up is failing and the TTCS stagrtsiaborted

accu_timer n.a timer to check if the accumulatohieaes the desire
temperature within reasonable time

accu_time_out *) if the accu_timer exceeds thisi®als is judged that the radiat
heating-up is failing and the TTCS start-up is &dwbr

d_time *) delta time at which the checks are regeat

LPS timer n.a. timer to check if the pump speedbigve the low pump spee
limit within reasonable time

LPS OK_count n.a. counts the time that LPS alarmD {OFF). Initially the

LPS_alarm = 1 (ON). After setting the pump spedgast to
5000 rpm, the pump speed should increase from zevss the

low pump speed alarm limit (2400), and increaséh&mup to
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5000 rpm. After crossing the low pump speed lintie
LPS alarm should be OFF, and the LPS_OK_count stalft
counting the time that the pump speed is abovdaiwepump
speed limit. The pump should be a certain TBD arho@itime
above the LPS alarm limit, before it can be assuthedl the
pump speed control is operating correctly.

LPS OK 180 | If LPS_OK count achieves this number within timears
sec LPS_time_out, it is assumed that the pump speedrators
*) operating correctly; else the start-up sequende s aborted
see next.
LPS_time_out 600 | Limit value of LPS_timer. If LPS_OK_count does ramhieve
sec LPS_OK within LPS time_out, it is assumed that fhanp
*) speed control does not function correctly and the-sip has tc
be aborted.
CAV_timer n.a. measures the time duration thattation danger is present aft
pump has achieved sufficient speed
CAV_OK_count n.a. Number of consecutive times timat cavitation danger i
present
CAV_OK 60 sec| If CAV_OK count achieves this number within time agy
*) CAV_time_out, it is assumed that cavitation dardyaing start-
up has disappeared; else the start-up has to beedbsee next.
CAV_time_out 600 | Limit value of CAV_timer. If CAV_OK_count does nathieve
sec CAV_OK within CAV_time_out, it is assumed that dation
*) danger does not disappear as expected and theisthas to be
aborted.
delta_CAV 5°C | Cavitation margin to be achieved during start-up

)

*) settable parameter values shall be up-loadable
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required status for TTCS start-up:
- Tracker powered-off

- JMDC powered-on

- TTCE powered-on

- radiator health heaters on or off
- Data Polling Table required for TTCS start-up loaded in JMDC and
its correct operation has been verified

- decision for TTCS start-up has been taken

- decision for TTCS autonomous start-up attempt has been taken

- command to JMDC to start TTCS autono edure

TTCS start-up procedure
BEGIN

Automatic start-up allowed ?
Pt02 < +19 °C AND Pt01 < +31°C

No

Enable LLR and LLW control loops:

- Set power switches control bits E_LLW E_LLR =1
- Set bits LLW_enable, LLR_enable to = ENABLE
Enable Accumulator Control thermostats !
- Set 28V pwr switch control bit E_FAC = 1

- Set 28V pwr switch control bit E_TEC = 1

- Set required values parameter-set k1, k2, k3, range, iband *)
- Set: pi_enable = 1

- Set Set_point = +20 °C

condenser lines
heaters are
controlled by

,,,,,,,,,,,,,,,,,,,,,,,

wait but abort Yes

after TBD time condensers_timer =

condensers_timer + d_time

S
/

4
Condenser lines temps OK ?

Pt7 AND Pt10: (condenser inlets) > - 40 °C AND
Pt6 AND Pt9 (condenser lines) > - 40 °C,

switch on power for
Yesy radiator heaters

Radiator heaters pwr (PDS) ON ?

see

*) the default vaues for those loop control
cont 1

parameters at TTCE power-on are not correct.
Always set the required values at TTCS start-up
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cont 1

see
cont 3

i after TBD time |

U

initialize time counters to zero
- radiators_timer = 0;
- accu_timer= 0;

radiators_timer < radiators_time_out

ait but abort
ter TBD time |

&=

Radiators temps OK ?
Pt08 > - 40 °C AND Pt011 >-40 °C,

radiators_timer =
radiators_timer + d_time

accu_timer < accu_time_out

wait but abort |

Accu control OK?

Yes

pi_enable == 1 AND  Pt01 > Accu Set_point — 0.5 °C

accu_timer =
accu_timer + d_time

A

Enable 28 V powers for on/off control loops:

- Set 28V pwr switches control bit E_PR1 =1
- Set 28V pwr switches control bit E_PR2 = 1
- Set 28V pwr switches control bit E_COR = 1
- Set 28V pwr switches control bit E_SUP = 1
Enable on/off loop control

- Set bit PR1_enable = 1

- Set bit PR2_enable = 1

- set bit COR_enable = 1

- Set bit SUP_enable = 1

Set pre heaters setpoints to + 3.875 °C

- set PR1_setpoint = 3.875 [°C] (= 0x1F)

- set PR2 setpoint =3.875 [°C] (= Ox1F)

Switch on pump power and Set speed control SCV code
- Set 28V pwr control bit E_

- Set SCV__ to equivalent of 5000 rpm

see
cont 4
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cont3

init CAV_OK count = 0
init CAV_timer =0
init LPS_timer =0
init LPS_OK_count=0

IF LPS_alarm =1
LPS_OK_count=0
ELSE
LPS_OK_count =LPS_OK_count +1

i

LPS_timer < LPS_time_out

LPS_timer =
LPS_timer + d_time

LPS_OK_count > LPS_OK

»| Yes
v

IF Pt02 > Pt01- delta_ CAV

/*CAV danger */ /*(delta_CAV = 5 °C )*/
CAV_OK count=0

ELSE /* no CAV danger */
CAV_OK_count =CAV_OK_count +1

CAV_timer < CAV_time_out

CAV_timer =
CAV_timer + d_time

CAV_OK_count > CAV_OK

Succesful automatic start-up
inform Ground

Failed automatic start-up
» inform Ground

about failure

\J

[y
|

2

END
TTCS Start-up procedure

Failed automatic start-up
inform Ground

Set pump speed to zero
Disable pump pwr
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Figure 8-1 TTCS Start-up procedure flow chart

8.3.2 Super saturation prevention during Tracker start-up

Super saturation prevention after Tracker power-on

objectives | prevent or cure supersaturating of dwatieg liquid after Tracker power-on,
by repeatedly switching-on the start-up heaters @mber of times
(repeat_number), for TBD time (start_up_ON_timegider to force the onset
boiling. Between the start_up on periods a waitigokis taken into account

commands | The flow diagram of the procedure is given belowigure 8-2

to be sent
parameter preset| function/description
value
repeat_number 4 %) the number of times the starhegters have to be switched
for the TBD time-span
repeat_count n.a. counter of the number of times dart-up heaters have be
switched on
wait_period TBD | time period between two consecutive periods oft-sfarheaterg
*) ON
wait_timer timer to measure if wait period hasiesgh

start_up_ON_time

60sec

)

time span the start-up heater is ON

start-up_time

n.a.

measure the time the start-apeheis ON

*) settable parameter values shall be up-loadable

on

en
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Super saturation prevention procedure during Tracker Start-up
BEGIN

switch-on
Tracker 3 Y

A

Tracker on ?
check confirmation data

Yes

switch-on Tracker
Electronics

‘ init repeat_counter =0

[init wait_timer =0

wait_timer_ >= wait_period

Yes

wait_timer =
wait_timer + 1

A

init start-up_timer =0
/*Set start-up heater on, manual control xx seconds */
- Set SUP 28V pwr switches control bit E_SUP =1 M_SUP=1

-l

' Set start-up heater |
“manual” ON

) J

start_up_timer_ >= start_up_ON_time

for ON_time

start up_timer =
start up timer + 1

|
I

|

I

|

N

/*Set start-up heater, manual control OFF */
- Set SUP 28V pwr switches control bit E_SUP = 1, M_SUP=0

[

| repeat sequence |
i number of times |

repeat_count_ >= repeat_number

repeat_count =
repeat_count + 1

|
N

Yes
v

END
Super saturation prevention procedure during Tracker Start-up

Figure 8-2 Super saturation procedure during Tracke sstart-up
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8.4 Accu setpoint adaptation procedure

Accu setpoint optimization procedure

objectives | The accu temperature setpoint chosena@bonomous start-up may not pe
optimal, i.e. too high.
This procedure is used to autonomously find ammgdtaccumulator temperature
setpoint.

The pump inlet temperature is monitored for a éublit, to find the highest pum
inlet temperature which occurred during the orbit

The accu setpoint is chosen above the highest puoleiptemperature such that

©

sufficient sub-cooling margin exists.
In order to a reliable value, noisy EMC inducedgstin the Prt02 readings myst
be filtered and spikes and outliers must be rejecte
The maximum rate of change of the actual pump itdetperature in-flight is
estimated 1 °C per minute, which may be used lerifig.

commands | The flow diagram of the procedure is given below in

to be sent

parameter preset function/description
value

full_orbit_duration| 5400 sec| full orbit duration

")
orbit_timer n.a. measured time since start of pitaoe
T_inlet_high -40 °C. | highest pump inlet temperature measured.
*) -40 °C is initialization value.
cav_margin 7.5°C | cavitation/sub-cooling margin. It is noted that idgr most
*) parts of the orbit the actual sub-cooling will beger
setpoint_high n.a. adapted accu setpoint

*) settable parameter values shall be up-loadable
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Accu setpoint adaptation procedure
BEGIN

init Orbit_timer =0
init T_inlet_high= -40 [°C]

A

/*monitor pump inlet temperature during full orbit and
find highest pum inlet temperature */
IF (Pt02>T _inlet_high) THEN T_inlet_high = Pt02 END

i

Orbit_timer_ >=Full_orbit_duration

/*Set accu setpoint to more convenient temperature
use cav margin 7.5 °C */

setpoint_high = (T_inlet_high + 7.5) [ °C ]
Set accu setpoint = max(setpoint_high, 0)

A

END
Accu setpoint adaptation procedure

Orbit_timer =
Orbit_timer + 1
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8.5 TTCS monitoring and failure detection
TBW ?
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Appendix I: Overview of Read data type definitions

Data type | action request | Description
nr

0x19 Read Pt1000 Request Data: None

Reply: 44 bytes, 2x11 Prime Loop, 2x11 Secondary Loop Temperatures
Two byte per T

First byte = signed char, temperature in T
Second byte: 4 LShits = 1/16<C, bit 5 & bit4 Redund ancy Control (RC),
bit7 & bit6 Vote Result (VR)

RC = 00->0(N), 01->1(L), 10->2(R), 11->Vote
VR = 00->0(N), 01->1(L), 10->2(R), 11->lllegal
T[C] = First byte + (Second byte & 0x0F)/16.0
Order of T values in reply:

T names second byte

Bits: 76 54

PtO1_P VR RC

Pt02_P VR RC

Pt03_P VR RC

Pt04_P VR RC

Pt05_P VR RC

Pt06_P 00 00

Pt07_P 00 00

Pt08_P 00 00

Pt09_P 00 00

Pt10_P 00 00

Pt11_P 00 00

Pt01_S VR RC

Pt02_S VR RC

Pt03_S VR RC

Pt04_S VR RC

POt5_S VR RC

Pt06_S 00 00

Pt07_S 00 00

Pt08_S 00 00

Pt09_S 00 00

Pt10_S 00 00
Ptl1_S 00 00
0x1A Read APS/DPS | Request Data: None

Reply: 8 bytes, APS_P, DPS_P, APS_S, DPS_S
Two byte per pressure sensor

First byte = 8 MSbits

Second byte: bit3 & bit2 & bitl & bit0 = 4LSbits

0x07 Read 28V Request Data: None
Reply: 5 bytes with values of Control bits for each switch:

Switch  Control bit
name byte & bit
E_LLW_P 00

E_LLR P 01
E_PRI_P 0 2
E_PR2_P 03
E_COR_P 0 4
ESUPP 05
EGAEP 0 6
EFAEP 0 7
M_LLW_P 10
M_LLR P 11
M_PR1_P 12
M_PR2_P 13
M_COR_P 14
M_SUP_P 15
M_GAE_P 16
M_FAE_P 17

m
-
-
<
(92]
N
o
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0x08

Read Pump

Request Data: None
Reply: 6 bytes
Byte
SCV_P 0
SCV_S 1
PPS_P 8MSbits 2
PPS_P 4LSbits 3 (bit3 & bit2 & bitl & bit0)
PPS_S 8MSbits 4
PPS_S 4LSbits 5 (bit3 & bit2 & bitl & bit0)

SCV - Speed Control Voltage
PPS fi Pulse per second
Pump speed (RPM) = PPS /9.0 *60.0

0x09

Read PWM

Request Data: None
Reply: 6 byte

Byte
DCV_GAC_P
DCV_FAC_P
DCV_TEC_P
DCV_GAC_S
DCV_FAC_S
DCV_TEC_S

A wLNRE o

O0x0A

Read Loop ctrl

Request Data: None

Reply: 64 bytes

One byte per parameter

Read only bit/bytes marked RO
Read and Clear bits marked RC

Parameters for Primary Loop (0 — x1F)

x00 Control bits5-4:range, 3:heat RO, 2:FG, 1:test, 0:pi_enable
x01 Set_point  bits5-0: accumulator set point (-32C - 31C)

x02 k1 Unsigned 8-bit, LShit = 1 (0 - 255)

x03 k2 Unsigned 8-bit, LSbit = 1/16 (0 - 15.9375)

x04 k3 Unsigned 8-bit, LShit = 1 (0 - 255)

x05 iband Unsigned 6-bit, LSbit = 1/16<C (0 — 3.9375C)

x06 Feed_forw MSB, Signed 16-bit (-32768 — 32767)
x07 Feed_forw LSB

x08 Test_T 4MSbits=0, bits3-0 contain bits 11-8 of Test_T

x09 Test_T bits7-0 of Test_T, LSbit = 1/16C (-128C - +127.9375C)
XO0A ph_term RO MSB, signed 16-bit

x0B ph_term RO LSB

X0C ih_term RO MSB, signed 16-bit

X0D ih_term RO LSB

XOE pi_dcv RO Unsigned char
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XOF cav_margine bits4-0, LSbit = 1/2C (0 - 15.5C)

x10 LLW_Loop
x11 LLR_Loop
x12 PR1_Loop
x13 PR2_Loop
x14 COR_Loop
x15 SUP_Loop
x16 alarm_ena
x17 alarm_now
x18 alarm_was
x19 cycle_cnt
x1A Not defined
x1B Not defined
x1C Not defined
x1D Not defined
x1E Not defined
x1F Not defined

bit7:out RO, 6:enable, 5-0:set point (-32C - 31C)

bit7:out RO, 6:enable, 5-0:set point (-32C - 31C)

bit7:out RO, 6:enable, 5-0:set point (-4C - 3.875C)

bit7:out RO, 6:enable, 5-0:set point (-4C - 3.875C)

bit7:out RO, 6:enable, 5-0:set point (-32C - 31C)

bit7:out RO, 6:enable, 5-0:set point (-32¢C - 31TC)

7:GAC, 6:LPS, 5:LLR, 4:LLW, 3:PR2, 2:PR1, 1:TRK, 0:CAV
RO all 7:GAC, 6:LPS, 5.LLR, 4:LLW, 3:PR2, 2:PR1, 1.TRK, 0:CAV
RC all 7:GAC, 6:LPS, 5:LLR, 4:LLW, 3:PR2, 2:PR1, 1:TRK, 0:CAV
RC number of temperature measurement cycles after last read

x20 - x3F set of the same parameters for Secondary Loop

0x17 Write DS ID Request Data: one byte Bus Number, 8 x NDS bytes — DS IDs

Table Reply: Done *)
0x16 Write DS Request Data: one byte, four DS Bus Enable LShits

Control Reg. Reply: Done
0x18 Read DS Request Data: one byte, only 2 LSbits, Bus Number

Temp. Reply: one byte Bus Number, 2 x NDS Temperature

Two byte per DS

First byte = signed char, temperature in T

Second byte: MSbit =0 -> T is valid, MSbhit = 1 -> Error,

4 LShits =T in 1/16 of C

If Second byte MShit = 0 then T[] = First byte + Second byte/16.0

*) To be verified and better discussed. The approach for now is to write explicitly which ID read and then read. Is this the

best option?
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Appendix Il: TTCE Embedded Firmware Code

TTCE_Data_Types.txt

File TTCE Data_Typet.txt

2008

Corretions were made to TTCE_Data_Type3.txt (6 Febrary 2008 PM/F5 ):

11 June

1. L H
Was!

2. now:
Was!

TTEC-A has Togical address &C, TTEC-B has logical

Data Types:

25,

Request

2.

x0L1
x0E
%05
06
=06
x15
x15
x16
x16
x17
x17
x1B
x19
x19
w14
07
=07
x0EB
x0E
x09
x09
x03
x18
x0A
x0&

%01

=05

x05 iband unsigned 6-bit, LSbit = 1L/16°C (0 - 3.9375°C)

%05 iband Unsigned 8-bit, LSbit = 1/16°C (0 - 3.9375°C)

04 k3 Unsigned 8-bit, LSbit = 1 {0 - 2EE)

x04 k3 unsigned S—bit, Lsbit = 1/32 {0 - 7.9687E)
address 6D

Write

four LSbits used

Configuration file

3. w05
found
operation
equal.

. w06

Read

Read

Ping

S5tart Erase Flash Sector
Erase Status (NOT IMPLEMENTED)
Memary

Memory

Start D5 Scan

DS Scan Status

DS Control Register

DS Control Register

D5 ID Table

DS ID Table

DS Temperatures

PL1000 Temperatures
Pt1000 Redundancy Control
Pressure SEnsors

28V Contral

28V Control

Pump Control

Pump Control

PeM Control

PeM Control

Execute Configuration File
Delay 10 msec

Loop” Control

Loop Control

Ping
Reguest Data: Length O - 8191 bytes
reply: Length O - 8191 bytes, the same Data as in the

s5tart Erase Flash Sector
Reguest Data: Sector Number (Ox0 - OxF), one byte, only
Reply: Done if flash erase was started, abort if in

Erase Status NOT IMPLEMENTED

Status of the erase sector number N operation can be
reading memory at address Ox1NOOOD. The erase sector
has been completed if two consecutive reading data were
Memary

Request Data: Bcntl, Bontd ro

BCntl & Bontd - Number of Dytes t be read can be 0-8187

Addrz & Addrl & Addr0o - 21 bits memory start address
Reply: Bcntl, Bontd, Addr2, Addrl, Addro, memory data

Addr2, Addrl, Add

Page 1
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. w06 Write  Memory
Reguest Data: Bontl, Bontd, Addr2, Addrl, Addro
Bentl & Bontd - Number of E-ytes 0 be written, can be
O-8186
Addrz & Addrl & Addro - 21 bits memory start address
Reply: Done if success, else Abort
6. ®1C Write Start D5 Scan B ;
Reguest Data: one byte, bit3-»D5 Bus3, bit2-»D5 Bus2,
bitl->05 Busl, bit0-=D5 Buso
reply: Done
7. %15 Read DS Scan Status
Request Data: Mone .
Reply: Status in four LSbits, NDS0D, MDS1l, NDSZ, and NDS3
ND5x - number of Dallas Sensors found at Bus x
8. %16 Read DS Control Register
Request Data: MNone . )
Reply: one byte, four LSkbits with DS Bus Enable
9. %16 Write DS Control Register
Request Data: one byte, four DS Bus Enable LSbits
Reply: Done
10. ®17 Read DS ID Table
Reguest Data: one byte, only 2 LSbits, Bus Mumber
Reply: one byte Bus Number, B x MDS bytes - DS IDs
NDE - number of Dallas Sensors
11. ®l7 Write D5 ID Table
Request Data: one byte Bus Number, B x MDS bytes - DS
IDs
Reply: Done
1z. x18 Read DS Temperatures
Reguest Data: one byte 1:-n'|3.r 2 Lsbits, Bus Number
REP-IE}.- ane hyte Bus NI.IHEM!' x MDS Temperature
First b te = slgned char, temperature im *C
Second byte: Ms -= T is valid, Msbit = 1 -
Error,

4 LSbits = T in 1/16 of *C .
If Second byte MSbit = 0 then T[*C] = First byte +
Second byte/16.0

13. %19 Read PL1000 Temperatures

Request Data: Mone

Reply: 44 bytes, 2x11 Prime Loop, 2x11 Secondary Loop
Temperatures

F'| rst bgte = 51gned char, temperature in fC
Second byte: 4 LSbits = 1/16°C, bit & & bit4 Redundancy
Contral (RC),
bit7 & bité Vote Result (vR)
RC = 00->0(N}, O1->1{L), 10->2(R}, ll-»Vote
VR = 00-»0(N), 0Ll-»1(L), 1D-»2(R}, 11->I1Tegal
T[*C] = Hrst byte + {Ser_nnd byte & Ox0F)/16.0
order of T values in regﬁ
e

T names second
gits: 7,6 5,4
PLOL_P - RC
PLOZ_P VR RC
PLOG_P Vi RC
PLO4_P VR RC
PLOS_P VR RC
PLOE_P a0 o0

Page 2
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from address Ox0S0000

be used.

corresponding T=0°C

redundant sensors

SENSOrs

Q050004
Qa0 EO008
Ox050010
Qx050016
Ox05001C
Ox0E0022
Ox05002E
Ox0ED02E

Ox050034
Ox050034
Ox0E50040
Ox05002E
Ox05O04C

Q050052

TTCE_Data_Types.txt
PLOT_P ] o0
PLOE_P 0o o0
PLOG_P a0 o0
PL1O_P 0o o0
PEll_P 00 o0
PEOL_S Vi RC
PEOZ_S Vit RC
PLO3_S VR RC
PLO4_S VR RC
POTE_S VR RC
PLOGE_S a0 00
PLO7_S 00 o0
PLOE_S 0o o0
PLOO_S a0 o0
PL10_S 0o o0
PE1l_S 0o o0

There are all PLl000 readouts (ADC) in SRAM starting
To read ALL Ptl000 sensors, data type Read Memory should

Pt1000 readout (ADC) is 12 bits in two bytes:
First byte = 0DD0 & 4 MSbits

Second byte = LSB

REFD, REFl, REFZ - Precision resistor readout

TL*C] = (PL1000 readout - REF readout)/16.0 A
REFD is reference for sensor i at address Ox0S0000 + 6%
REFL is reference for sensor i at address Ox0SOOD0 + 6%

REFZ is reference for sensor i1 at address OxDSO000 + 6%1
where i from 1 to 23

NC - Mot Connected to PTLOOO
PEMNZP({5)}: MM - sensor number, Z = 0, 1, 2 {or M, L, R}

Z = _ not redundant
REFD 0x0QE0000 REFL 0050002 REFZ2
PLOLOP OXOE0006 PtOllP Ox0SO00E prolzp
PLOZOP  OxDS000C PLOZLP OxOSOO0E PLOZZP
PLOZ0F  OxDS00L2 PLO3LP OxOS0014 PLO3ZP
PLO40F OxOS00LE PtOs1lP OxO050014 PLo4zP
PLOEOFP OxOE0QLE FLOS1P Ox0S00Z20 PLOGZP
PLOE_P OxOE0024 PLO7_P Ox0SO026 PLOR_P
PLOO_P  OxOE002A PtlO_P Ox0SO02C Ptll p
N 0x050030 NC 0050032 NC
PLOLOS OxOE0036 PLOllS Ox0S0038 PLOlz5
PLOZOS OxO5003C PtOZ15 OxO0S003E PLOZ25
PLO30S OxOE0042 PtO315 Ox0S0044 Pto3zs
PLO405 OxOE0D4E8 PtO215 Ox0SO024 PLo4zs
PLOEOS OmOEQD4E PtOS15 OxOSO05SD PLOG25

Page 3
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Ox0EO05E
Ox0S0D0EE

Q050054
QxDED0G6A
Q050070
Ox0E007E
Ox 05007
Q050052
Ox0LODEE

Cel5008E

14. %19 Write

Measzurement Point

15. aEA Read
16. =07 Write
through two

switch is OFF,

TTCE_Data Types.txt
PLO6_S OxO50054 PTO7_S OxOSD056 PLOB_S
PLOO_S OxOSO0EA PLI0_S OxOSDOSC PLil_5
N 0050060 HC 0050062 HC
HC OXDE006E NC 005006 HC
NC OXOS006C NC Ox0S006E HC
M Ox0S00T2 KC 0x050074 MC
NC Ox0S0078 HC Ox05007A MC
NC OMOSOOTE NC OX05O080 MC
N OXOE00ES NC ONDEO08E MC
N OXO0E00BA WC 05008 HE

Pt1000 Redundancy Control
Request Data: One byte per Redundant Temperature

Rep'lge

from 1 to 10 Data bytes

bit3 & bit? & bitl & bitd =address, 0.9 w

bitc & bits = DO->0CN}, O1->1(L}, lo- ;zcnj, ’l—'u'i:-te

Pressure Sensors

Request Datai MHome

reply: & bytes, APS_P, DPS_P, APS_5, DPS_S

Two byte per pressure sensor

First byte = 8 Msbits

second byte: bit3 & bitZ & bitl & bitD = 4LsSbits

28V _Control

Request Data: & bytes

Reply: Done

There are 16 different heaters each powered by 2&V

seitches (€, M) connected in series.
There is control bit for each switch. Comtrol bit =0

control bit = 1 — switch is ON.
Control bit can be set according rule:
If (write Enable bit = 1) then Control bit = Set wal

Switch Set value urﬂe Enah'le I:n1:
name byta & bit byte &
E LIW P
E_LLR_P
E_PRL_F
E_PRZ_F
E_COR_P
E_SUP_P
E_GAE P
E_FAE_P

M_LLW_P
M_LLR_P
M_PR1 P
M_PRZ2_P
M_COR_P
M_sup_p

FEHEKFFF- oooooooo
W el B = O =l e o B e O
P b B b B B R R R b B B
e b= ‘JU‘-IH-I-I-UNI—OU'

Page 4
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TTCE_Data_Types.txt
M_GAE_P &
M_FAE_P

E_LL®_=
E_LLR_S
E_PFR1_S
E_PRZ_S
E_COR_S
E_SUP_S
E_GAE_S
E_FAE_S

M_LLW_5
M_LLE_5
M_PR1_S
M_PR2_5
M_COR_5
M_SUP_5
M_GAE_5
M_FAE_5

There are & regulated voltage (PWM) loads powered by 28V

=
P Fa

[N RN T RTeRTe]

i e e e e e e e L L
Sl O e B =D e L= TR I B RTY (N ]
sE AW D sdn b wk S &

(RN T R T T I}

through . )
one switch each and 2 pump 28v switches :

Sei tch Set value Write Enable bit
name byte & bit byte & bit
E_GAC_P
E_FAC_P
E_TEC_P
E_GALC_S
E_FAC_S
E_TEC_ 5
P_F

P_5

(=T R e Y
S R e B O
e e e R e R e
= b b O

17. w07 Read 28V Control
Request Data: Mone )
Reply: E bytes with values of Control bits for each

Swi tch Control bit
name byte & bit
E_LLw_P o

E_LLE_P
E_PR1_P
E_PRZ_P
E_COR_P
E_SUp_p
E_GAE_P
E_FAE_P

M_LLW_P
M_LLRE_P
M_PR1_P
M_PRZ_P
M_COR_P
M_SUP_P
M_GAE_P
M_FAE_P

E_LL®_=
E_LLR_S
E_PRL_S
E_PRZ_S
E_COR_Z
E_SUP_S

FEFFFFFEFFFE QQoQQQoQ
[ AT T = R T R R R =T - RIS TR

[ ]

B
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TTCE I:rat:'l._T:.-'pe4 txt

E_GAE_ S5 2

E_FAE_S 2 ?
M_LLW_5 3 0
M_LLF_5 3 X
M_PR1 5 3 2
M_PR2_5 3 3
M_COR_5 3 4
M_SUP_5 3 L
M_GAE_S 3 &
M_FAE_5 3 F
E_GAC P 4« 0
E_FaC_P 4 L
E_TEC- P 4 2
E GAC_S & 3
E_FAC_S £ 3
E_TEC_S 4 B
p_p § 6
P_S 4 )

18. 0@ Write Pump Control

Reqguest Data: I byte

Reply: Done - -

Byte 0 SCOv_P  Speed Control voltage for Pump in Prime
Laog

Byte 1 SOv_5 Speed Control Voltage for Pump in
Secondary Loop

Control voltage ¥ = 4096 = (50 Code / 286) [eW]

1a, w03 Read Pump Control
Reguest Data: Hone
reply: 6 bytes
Byte
a

1
PPS_P  @Mshits 2

PPS_P  4L5hits 3 {bit3 & bitZ & bitl & bito)
PP5_S  EMsbits & ) ) )
PPS_5 41Shits § (bit3 & bit2 & bitl & bito)

SCV - Spesd Comtrol Voltage
PPS - Pulse per second
Pump speed (RPM} = PPS / 8.0 * &0.0

20. w03 Write PaM Control
Req.uest I:lata. from 2 to 12 byte

REp1E
:,.-tes per Pad controller
yied - Address (0.5 wvalid)
E;-.-tEJ. - DOV Duty Cycle value
PaM controller output is Ov (OFF) if DCV=0
Duty Cycle 99.6% 1T DCW=2EE

Address
DOV_GAC_P
DOV_FAC_P
DCV_TEC_P
DCV_GAC_ S
DCV_FAC_S
DCV_TEC_S

Wdai = O

21, w09 Read PeM Control
Request Data: Nons
Reply: & byte
Byte

Page &
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22.

®x03

TTCE_Data_Types.txt

DCV_GAC_P
DCV_FAC_F
DCV_TEC_P
DCV_GAC_S
DCV_FAC_S
DCV_TEC_S

s

Write Execute Configuration File

Request

Data: MNone

Reply: Done if Configuration file execution complete,
Abort if Configuration file check sum test error or

recursive execution

Check Sum

request

status

status

{oxo3)

char

The Log file contains execution details.

Configuration file should be written inte flash memory starting
from address Oxl00000
{it is flash sector #0).

Configuration file format:

REqUast

Reguest
Request
Request
Request
Reguest
Reguest

length MSB

length L5B
Data Type
Data

length M5B

length LSB

Data Type
a

Reguest Dat

om0
Ox00
CES M5B

CKS LSB

Log file format
Reguest

REquast
Requast
Reguest
Status

Request
RequestT
Request
Requast
Status

ReE i)
ReE i)

({in memory
length M5B

Tength LS5B
Data Type
Data

Jength MSE
'Iﬁth LS8
pata Type
Data

£

S/

i
i

first reguest

last request

zero length

Configuration file

starting from Ox040000):

S/

rr

S/

S/

Status = 0 if request done, status

Configuration Tile is executed when: . .
1. TTCE was OFF and power (28Y) is applied to TTCE
2. TTCE receives Execute Configuration file request

Configuration file execution actions:

first executed

request execution

last executed reguest

request execution

= 1 if request abort

/4 Check Sum test. CKS is wnsigned 16-bit, memory( } is unsigned

Page 7
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address = Ox100000;

CES = 03
a: CKs = OkS + memory{address) + memory(address + 1);
length = 256 * memory(address) + memory(address + 1);
address = address + 2j
if (length != 0 & address < Qx1040000) {
for (3=0; i<length; i++; address++) CKES = CKS +

memory (address)
goto aj
If (address »= Oxl040000) abort;
. If (K5 != 256 *~ memry(addressi + memory{address + 113
abort;
// Execution
address = Ox100000;
log_addr = Ox040000;
b: Tlemgth = 256 * memory(address) + memry%address + 12;
lfn%'length '= 0 & address < Ox1040000)
memary(log addr) = memory(address); {/ copy reguest
Tlength to Tog

memryé'l addr + 1) = memory (address + 1);
log addr = Tog_addr + 23

address = address + 2;

request = addressj

for (i=0; 'i{'leng'tf.'l; i++; log addr++; address++) //copy
request to Tog

memory({log_addr) = memory{address);

result = EXECUTE(length, regquest, WRITE); //Torce
abort for READ request

If C(result =— abort) memory{log_addr) = 1; else
memory (1og_addr) = 0;

Tog addr = Tog_addr + 1;

: goto bj
done;
23. x1B8 write Delay 10 msec

Request Data: Mone

F:Ep-'la:E Done after 10 msecond }

can used in configuration file to provide delay
between operations

24. whA Write Loop Control
Reguest Data: from 2 to 128 bytes

Reply: Done

THo E@-teidger parameter

Bytel - ress (0...63 valid)
Bytel - Parameter value

25, wDA Read Loop Control
Request Data: MNone
Reply: 64 bytes
ane E@-te peF parameter
Read only bit/bytes marked RO
read and Clear bits marked RC

parameters for Primary Loop {0 - x1F)

. #D0 Contral bitst-4:range, 3:heat RO, 2:FG, L:test,
O:pi_enable

o ®0l Set_point bitss-0: accumulator set poimt {-32°C -
1

Page &
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%02 k1 Unsigned 8-bit, LSbit = 1 {0 - 2EE)

w03 k2 Unsigned &-bit, Lshit = L/16 (0 -
1E5.9375)

w4 k3 Unsigned 8-bit, LSbit = 1 {0 - 2EE)

%05 iband Unsigned &-bit, LSbit = L/16°C {0 -
3.9375°C) } ]

%06 Feed_forw WsE, Signed 16-bit (-32768 - 327670

®07 Feed_forw L5SE

%08 Test_T 4msbits=0, bits3-0 contain bits 11-8 of
Test T i i

%09 Test_T bits7-0 of Test_T, LSbit = 1/16°C
{-128°C - +127.9375°C)

x0A ph_term RO M58, signed 16-bit

x0B ph_term RO LSB

®0C Th_term RO W58, signed 16-bit

®»0D ih_term RO LSE

¥DE pi_dcv | RO Unsigned char

®0OF cav_magine bits4-0, LSbit = L/2°C (D - 15.5°C)

¥10 LLW_Loop bit7:out RO, G:enable, 5-D:set point
({-32*C - 31°C) i b1 :

®11 LLR_Lo it7iout RO, 6:enable, E-0:set point
(-32°C - 31°C) e ! ' e

¥12 PR1_Loop bit7:out RD, G:enable, L-0:set point
(-4°C - 3.875°C) b . )

x13 PR2_Lo nt7iout RD, 6G:enable, 5-D:set nt
(-4'C - 3.875°C) °F ! ' e

®1l4 COR_Loop bit7:out RO, G:enable, S-D:set point
{-32°C - 31°C)

®1E SUP_Loop bit7:out RD, G:enable, 5-D:set point
{-32°C - 31°C)

x16 alarm_ena TiGAC, G:LPS, S:LLR, 4:LLW,
3:PRZ, 2:PRL, 1:TRE, 0:CaW

¥17 alarm_now RO all 7:GAC, &ILPS, S:LLR, 4:LLW,
3:PE2, 2:PRL, 1:TRE, 0:CAW

¥1E alarm_was RC all 7:GAC, &ILPS, E:LLR, 4:LLW,
3:PR2, 2:PRL, 1:TRE, 0:CAW

%18 cycle_cnt RC number of tmperature measurement
cycles after last read

¥1A Mot defined RO

x1E Mot defined RO

¥1C Mot defined RO

x1D Mot defined RO

®1E Mot defined RO

®1F Mot defined RO

x20 - x3F set of the same parameters for Secondary Loop

Power-0On default values for Loop Control:

®00 Control range=0, F&=1, test=0, pi_enable=0
®0l Set_point 0sC

w0z k1 16 16

#03 k2 0x10 1.0

x4 k3 0x10 0.5

%05 iband 0x10 1*C

%06 Feed_forw 0

¥07 Feed_forw 0

¥0E Test_ T o 0.0°C

%08 Test T a

x0A ph_term depend on PLOLl_P

x0B ph_term depend on PLOLl_P

¥ ih_term o

®0D ih_term o

¥DE pi_dcw depend on PLOL_P

®OF cav_margin oA LoC

¥10 LLW_Loop ox20 -31°C, enable=D, out=0
%11 LLR_Loop ox20 -31°C, enable=D, out=0

Page 9
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TTCE_Data_Typed. txt

®1Z? PRI_Loop ox20 -4°C, enable=D, out=0

#13 PRL Loop ox20 -4°C, enable=0, out=0

%14 COR_Loop 0x20 -31°C, enable=D, out=0

®15 SUP_Loop ox20 -31°C, enable=D, out=0

®16 alarm_ena OxFF A1l alarms are enabled

¥17 alarm_now depend on PLOL_P - PLO9_P

¥1E alarm_was depend on PLOL_P - PLO9_P

¥19 cycle_cnt # of cycles after power-on (modulo 2E6)

x1A Mot defined
%1E Mot defined
®1C Mot defined
x1D Mot defined
®1E Mot defined
¥1F Mot defined

[=]=N=Q=)=N}=]

%20 - x3F set of the corresponding parameters for

Loop Control parameters are the settings and monitoring values which

provide

automatic control owver:

1. Accumulator Heaters and Peltiers
Z. Liguid Line Health Heaters

3. Preheaters
4., Cold orbit

Heaters

E. Start-up Heaters
6. Alarms (health guards)

TTCE measures
control
every cycle =

temperatures and evaluates new settings for PWM and OM/OFF

0.786432 seconds.

Primary Loop Parameters x00-x0E (x20-x2E for Secondary Loop) are used in

Accumulator

temperature PI regulation.

Primary Loop Parameters x10-x15 (x30-x3% for Secondary Loop) are used in

oM/ OFF

Toop control for Liguid Line Health Heaters (LLW & LLR)}, Preheaters (PRL

& PRZ),

Cold orbit Heater (COR), Start-up Heater (SUP).

Primary Loop Parameters x0F, x16-x18 (x2F, x36-x38 for Secondary Loop)

are used

for Alarms control.

Parameters Defimitions:

pi_enable

if pi_enable = 1 then pi_dcv is used for

Accumulator/Peltier PaM

test
instead
Fa
(GACH
B heat
will
range

control else DOV_GAC, DOV_FAC, DOV_TEC are used.
if test = 1 then Test Temperature value is substituted
of measured temperature PtOLl.

if Fa = 1 then Flight Accumulator Control (FAC) Heater
will be used else Ground Testing Accumulator Control

Heater will be wsed.
if heat = 1 then Accumulator Control (FAC or GAC) Heater
be used else Peltier will be used.

P-term Tineare range (0: =3.9375°C, 2: =1,8375'C , 1
Page 10

November 2009



INIVERSITE DE GENEVE

e .
o NI

=

AMS Tracker Page 92 of 97
Thermal Control Doc.Id AMSTR-NLR-TN-062
subsystem Issue Issue 1.0

TTCS Commanding, Monitoring and Date

November 2009

+0.9375°C)
Set_point
k1
k2
k3

iband

Fead_forw
32767)

Test T

ph_term
ih_term

pi_dcy

cav_margin

and

Coavd AT
LLW_enable
LLW_set_point
LLw_out

and

is no

heater is OM.

LLR_enable
LLR_=et_point

LLR_out

and

is no

heater is ON.
PR1_enable
PRL_set_point

TTCE_Data Types.txt

accumulator set point, bitsE-0, LSbit=1°C (-32°C - +31'C)
proportional term coefficient (0 - 255)

imtegral term ceefficient, LShit=1/16 (D - L5.937E)
peltier coefficient, LSbit=1/32 (0 - 7.9687C5)

If the temperature is in the range Set_point = iband

and pi_enable=1 then the error is integrated else

i_term = 0. LSbit = 1/106°C (D - 3.937L5C).

constant term to compensate known heat Teak (-32768 -

the temperature which is used in test mode (test=1)
signed 12-bit, LShit = 1/16°C (-128°C — +137.9375'C),

proportional term divided by two, ph_term = p_temt/2
signed 16-bit (-32768 - 3Z767)

imtegral term divided by two, ih_term = i_temt/2
signed 16-bit (-32768 - 32767),

duty cycle wvalue which is used for P#M contraol of
Accumulator Heater (0-240, heat=1)_or

Peltier (0-127, heat=0) iT pi_enable=1

Mimimum allowable differance between Accumulator Set_point
Pump inlet temperature (Pto2). There iz cavitation alarm
Set_point < PLO2 + cav_margin

enable Liguid Line wWAK heater (LLW)} Toop contral

LW Toop conral set point {-32%C - 31°'C)

LW Toop control output,

if (Ll _set_point > PL09) LlW_ out = 1; else LLW_out = 0O;
If LiW_owt = 1 and LLW Toop is analﬂeé {LLW_enable = 1)
there is no active LLW alarm (LLw alarm_act = 0) and there

active Cavitation alarm (CAV_alare_act = 0) then LLw

enable Liguid Line RAM heater (LLR} Toop control

LLR Toop conro]l set point (-32°C - 31°C)

LLR Toop comtrol nutggt

if (LLR set_point > Ptot) LLE_out = 1; else LLE out = 0;
If LLR_ouwt = 1L and LLR Toop is anal:-'le& {LLR_enable = 1)
there s no active LLR alarm (LLR_alarm_act = 0) and there
active Cavitation alarm (CAV_alarm_act = 0) then LLR

enable Preheater L (PR1} Toop control
PRL Toop conrol set point (-4°C - 3.875°C)

Pana 11
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PR1_out

PR1_out = 0;

and

is no

no active

is OM.
PRZ_enable
PRZ_set_point
PR2_out

PR2_out = 0j

and

is no

no active

is OM.
COR_enable
CDOR_set_point
COR_out

and

and

o) then
SUP_enable
SUP_set_point
SUP_out

and

and

olthen

Cav_alarm_sna
TRE_alarm_ena
FR1_alarm_ena
PRZ_alarm_ena
LLw_alarm_ena

LLR_alarm_ena

TTCE_Data Typed. txt

PRL loop control output,

if (Set_point + PR1_set_point > PtO4) PRL_out = 1; else
If PRl out = 1 and PR1 Toop is anabled (PRL enable = 1)
there is no active PR1 alarm (PR1_alarm_act = 0) and there
active Cavitation alarm {CAV_alarm_act = 0) and there is

Low Pump Speed alarm (LPS_alarm_act = 0) then PR1 heater

enable Preheater z (PR2) loop control
PRZ loop conrol set point (-4°C - 3.875°C)

PRZ loop control output,
if (Set_point + PRZ_set_point > PLOS) PRZ_out = 1; else

If PRZ_out = 1 and PRZ Toop is anabled (PRZ_enable = 1)
there is no active PRZ alarm (PRZ_alarm_act = 0) and there
active Cavitation alarm {Cav_alarm_act = 0) and there is
Low Pump Speed alarm (LPS_alarm_act = 0) then PRZ heater

enable Cold oOrbit heater (COR) Toop comtrol

Cof loop conrol set point {-32°C - 31°C)

CoR loop control output

if (COR_set_point = tnij COR_out = 1; else COR_out = 0;
If COR_out = 1 and COR Toop is anab'ler!l {CoOR_enable = 1)

there is no active Cavitation alarm (Caw_alarm_act = @)

there is no active Low Pump Speed alarm (LPS_alarm_act =

COR heater is OM.

enable Start Up heater (SUF) Toop control

SUP loop conrol set point {-32°C - 31°C)
?EP(lﬁgpsggftpﬁltﬂgthE#) SUP_gut = 1; else SUP_out = 0j
If SUP_put = 1 and SUP loop i3 anabled (SUP_enable = 1)
there is no active Cavitation alarm (Cav_alarm_act = @)
there is no active Low Pump Speed alarm (LPS_alarm_act =
SUP heater is OM.

Cavitation alarm enable

Trecker alarm enable

Preheater 1 alarm enable

Preheater 2 alarm enable

Liguid Line WAK heater alarm enable

Liquid Line RaM heater alarm enable
Page 12
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TTCE_Data_Typet.txt
Low Pump speed (LPS) alarm enable
Ground Test Accumulator Control heater (GAC) alarm enable

LPS_alarm_sna
GAC_alarm_sna

CAV_alarm_now Cavitation alarm now is 1 if Set_peint < PRD2 + cav_margin

else O

TRE_alarm_now Trecker alarm now is 1 if PtD4,PtOS < -20°C or PtO4,PUOS =
20°C else 0

PR1_alarm_now Preheater 1 alarm now is 1 i Pto# = 35°C else 0

PRZ_alarm_now
LLW_alarm_naow

Preheater 2 alarm now is 1 if PLOS > 35°C else 0

Liguid Line WAK heater alarm now is 1 if PtD9 > 35°C else

[+]
LLR_alarm_now Ligquid Line RAM heater alarm now is 1 if P06 = 35°C else
Q
LPS_alarm_now Low Pump speed (LPS) alarm now is 1 if Pump Speed < 2400
rpm else 0
GAC_alarm_now Ground Test Accumulator Control heater (GAC) alarm now
is 1 iT P03 > 45°C else O
W_alarm_was XX = CAV, TRE, PR1, PR2, LLW, LLR LF'S, GAC
m_a.'l.arm_was 1s st to L if m_,a arm_now =
¥W_alarm_was i1s set to O when Read Loop CDI'ItHﬂ (x0A) 1is
executed
Read Loop Control is READ and CLEAR operation for
0_alarm_was
cycle_cnt cycle counter is incremeting every cycle (0.7B6432sec)
cycle_cnt s set to O when Read Loop Control (x0A) is
exacuted ] ]
Read Loop Control is READ and CLEAR operation for
cycle_cnt
Alarms definitions:
if (Set_point < PLOZ + cav_margin) CAV_alarm_now = 1; else CAV_alarm_now
= I:Ii
if (Pto4 > 20°C || PLOE > 20°C ||
o Pt4 < -20°C || PLOE < -20°C ) TRE_alarm_now = 1; else TRE_alarm_now
- if (Pto4 > 35°C) PR1_alarm_now = 1; else PR1_alarm_now
= 03
DI if {PtO5 > 35°C) PRZ_alarm_now = 1; else PRZ_alarm_now
o if (P09 » 35°C) Liw_alarm_now = 1j else LLw_alarm_now
= 0j
0 if (Pt06 = 35°C) LLR_alarm_now = 1; else LLR_alarm_now
= 03 B
if (Pump Speed < 2400rpm) LsP_alarm_now = 1; else LSP_alarm_now
= 03
D' if (P03 > 45°C) GAC_alarm_now = 1 else GAC_alarm_now
= 03
Alarms actions:
it QOo_alarm_now = 1 && _alarm_ena = 1) ¥xX_alarm_act = 1; else
¥x_alarm_act = 0;
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TTCE_Data_Types.txt

it (CAV a'larm_av:t 1 && Set_point < 25°C) Set_point_now = MIN(PLOZ +

cav_magin, 25°C); else

int_now = Set_pointy

if {(Cav_alarm_act 1} {LLW OFF; LLR OFF; F"IH OFF; PRZ OFF; COR OFF;
SUP OFF;}

if (TRE_alarm_act

if {PR1_alarm_act

]
1) PRl OFF;

if (PRz_alarm_act = 1) PRZ OFF;
If ELLw_a'Iarm_an_—t = 113 LLW OFF;
LLE_alarm_act = LL= IJFF'
If (LsP_alarm_act = 1} {PR1 DFF, PRZ OFF; COR OFF; SUP OFF; TEC_DOv=031
if (GAC_alarm_act = 1) GAC OFF;

OW/OFF Toop control formulas (executed every cycle = 0.786432 seconds):

if € LLW_set_point > Pt09) LLW out = 1; else LLW_out = 0j
if i LLR_set_point = Ptvl:lﬁa LLR_out = 1; else LLR_out = 0j
if (Set_point_now + PRL_set_podint > PtD4) PRL out = 1; else PRI_out = O}
if (Set_point_now + PRZ_set_point = PTOLS) PRZ_out = 1; else PRZ_out = 0O}
it ¢ COf_set_point > PU0Z) COR_out = 1; else COR_out = Oj
if SUP_set_point > PtD4) SUP_out = 1; else SUP_out = O}
Accumulator PI regulation formulas (executed every cycle = 0.786432
seconds):
error_T = Set_point_now - measured_T; // Lsbit = 1/16°¢C, (+3.9375°C)
abs_error_T = ABSCerror_T); // (0 - 3.9375°C)
if (abs_error_T =< iband) in_iband = 1; else in_iband = 0}
11 if (error_T > 0.9375°C &% range == 1) {error_T = 0.937:5°C; big_p_err
= \ . -
3 elseif (error_T <-0.9375°C && range = 1) {error_T =-0.9375°C; big_n_err
= 13
'] elseif (error_T > 1.9375°C && range = 2} {error_T = L.9375°Cj big_p err
= 13
I] elseif (error_T =-1.9375°C && range == 2} {error_T =-1.9375°C; big_n_err
= 13
' elseif (error_T > 3.9375°C) {error_T = 3.9375°C; big_p_err
= 1;}
3 elseif (error_T =-3.9375°C) {error_T =-3.9375°C; big_m_err
= 1

else {big p_err = 0 big_n_err = 0;}
p_term = 4 * B * K1 ® error_T; //(+64260), R=4 if range=1, B=2 if
range=2, e _15& R=1

if {in_iband = 1 & enable = 1}
i_term = i_term + k2/16 * error_T; else i_term = 0; // (+6EE35]}

pi_val = p_term + i_term + Feed forw; // (=6GE3L)

. ] if {pi_wal »= 0) heat = 1; pi_abs = pi_val; else heat = 0; pi_abs =
-pi_walj

pi_tec = k3,/32/256 * pi_abs; // (0 - 2047)

pi_heat = SORT{pi_abs); S# (0 - 2ER)  sgrt to compensate fact that P ~
u*u

if (pi_tec » 127 || big_m_err = 1) pi_tec = 127; // Limit to 13.7v
Page 14
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TTCE_Data_Types.txt

heat > 240 || big p_err = 1} pi_heat

it _(pi
unstable 1 Ec > 9E%

if Cheat = 1) pi_dcv

pi_heat; else pi_dcv

Page 15
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